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Abstract
Mechanically assisted crevice corrosion (MACC) is known to cause clinical
complications in modular joint replacements, particularly at metal junctions. While several
factors affect an implant’s tribocorrosion performance in vivo, a fundamental
understanding of the effects of individual design and material elements is lacking. Two
such factors, the interfacial compliance and the hardnesses of the contacting surfaces, were
evaluated in terms of their influence on metal interfaces under simulated MACC
conditions.
Interfacial compliance was first studied to determine if design modifications which
alter the geometric-based compliance of a fretting interface could manipulate its contact
mechanics. A series of variable-load pin-on-disk fretting corrosion tests was performed on
Ti-6Al-4V and CoCrMo alloys, using pins of varying cantilever-shaped contact geometries
to create three different compliances. Fretting mechanics and fretting corrosion currents
acquired for each compliance were used to determine regime boundaries for stick, stickslip, and slip. Results showed a highly correlated and material-dependent relationship
between work of fretting (WOF) and fretting current. A high interfacial compliance
reduced relative micromotion, induced stick and stick-slip conditions at lower loads, and
remained more robust against small displacements. Using correlated mechanical and
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electrochemical data, fretting corrosion maps were presented as a new method of
evaluating and predicting surface damage at the interface.
Next, the same interfaces were exposed to a long-term, high-damage environment
to determine their viability under more clinically-relevant conditions. Significantly lower
currents and displacements were measured in the most compliant group, confirming that
elastic bending of the contact asperity accounted for most of the applied fretting motion.
Electrochemical test methods quantified the changes in the interfaces after testing, which
correlated with the mechanical energy dissipated during testing. Additional analyses
revealed substantially more surface damage to CoCrMo disks than Ti-6Al-4V pins. This is
thought to result from adhesive wear of mixed oxide debris to the pin and its subsequent
plastic deformation of the disk. Surface damage observed on high compliance samples
suggests that some abrasion is unavoidable even with geometric modifications, and that the
use of an insulating layer between metal-metal interfaces may be more effective in
preventing metal degradation.
Long-term test conditions were also used to evaluate the fretting corrosion
resistance of a low-hardness, high-compliance interface created by a self-reinforced
polymeric thin film composite (SRC-PEEK) when placed between Ti-6Al-4V/CoCrMo
couples. Thin films did not prevent sliding motion, but significantly reduced metal surface
damage and debris production without effectively compromising mechanical integrity.
Additional benefits of a soft, compliant layer were observed with respect to damage via
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third body wear. Results suggest that a combination of low hardness, high strength, and
compliance make SRC-PEEK an ideal interfacial layer.
Lastly, the effects of surface hardness were studied by testing variable-load fretting
corrosion of metal disks by pins with hardnesses spanning >18 GPa. Pins that were below
the hardness of the disks yielded at individual points of contact, preventing the onset of
MACC. Pins that were at or above disk hardnesses were able to abrade the surface oxide
in a load-dependent manner, demonstrating the impact of individual asperity interactions
on hard-hard contacts. These observations support elasto-plastic approximations of contact
mechanics rather than Hertzian estimates, which describe only purely elastic behavior.
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1 Introduction
1.1 Total Hip Replacement and Modularity
Total joint arthroplasty is one of the most common and successful surgeries
performed today. While not the most common joint replacement, hip replacement
procedures have more than doubled over the past 10 years, and the rate is expected to grow.
Hip arthroplasty is primarily used to treat osteoarthritis, but may also be required in cases
of degenerative arthritis, femoral neck fracture, complications related to obesity, and more
[1]. As rates of younger and more active populations receiving implants start to grow, older
populations who are living longer, including those who already have prostheses, continue
to rise [2]. These trends suggest the need to develop implants that can last longer and
withstand more active lifestyles. To address the growing demands of aging devices and
their complications, there is also the possibility of health care services that are specifically
dedicated to patients with orthopedic implants.
The prevalence of hip arthroplasty is largely owed to its success and costeffectiveness, both of which are products of the prosthetic implant’s modular design. A
typical total hip is made up of a metallic acetabular shell, a polyethylene (UHMWPE) liner
that sits in the shell, a femoral head, and a femoral stem. Often heads are made of ceramic
or metal whereas stems are of a titanium or cobalt-chromium-molybdenum (CoCrMo)
alloy. Modularity allows for different materials to be used for different components; a
titanium stem is typically used because of its osseointegrative properties, while the higher
modulus and wear resistance of a ceramic or cobalt-chromium based alloy makes it more
1

suitable as a femoral head. Modular components can also be produced in different sizes
and shapes, allowing for more customizable implants to be chosen based on an individual’s
anatomy. From a clinical standpoint, the variability supplied by modularity gives surgeons
the flexibility to choose the most appropriate implant during assembly without the concern
of component incompatibility. This enables easier adjustments or replacements during
surgery, whether it be primary or revision.
Modular junctions exist wherever modular components fit together. In hip
replacements, this can be between the head and stem neck components (taper junction), the
acetabular liner and shell, and in some designs, between the modular body components of
the stem itself. Wherever there is a junction there is the possibility for fretting, corrosion,
and fracture. This has been a well-documented phenomenon in taper junctions.
Components are assembled by the surgeon at the time of implantation. Much of the
femoral head and stem components used today are self-locking tapers, enabling them to
stay in place after initial seating. Frictional forces between the two surfaces resist the
torsional and axial pressure created at the junction, all of which are dependent on the
angles, sizes, moduli, and contact conditions of the taper components. As the implant is
loaded in situ (during walking, running, jumping, etc.) it experiences a range of
compressive forces, torsion, and bending moments [3]. These can cause further seating of
the head onto the stem and small abrasions to one or both surfaces.
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1.2 Mechanically Assisted Crevice Corrosion
With all their benefits, modular hip replacements do not come without inherent risks.
Shortly after the adoption of modular devices, a growing number of incidences of metal
implant degradation after implantation began to occur. A large body of clinical and
experimental research has since confirmed that a combination of mechanical and
electrochemical factors lead to accelerated corrosion conditions in modular junctions
having at least one metal surface. This process is described as mechanically assisted crevice
corrosion (MACC), and is often referred to as tribocorrosion, fretting corrosion, or
mechanically assisted corrosion (MAC). MACC is known to occur at the bearing surfaces
of modular junctions, where continuous abrasion of the metal surface(s) can eventually
cause extensive damage to both the implant and nearby tissue. Evidence of this process has
been observed in taper junctions in retrieval and clinical studies, and it has been studied
directly in in vitro testing.

1.2.1 Corrosion of Metallic Biomaterials
Apart from their mechanical properties, the alloys used in orthopedic implants are
chosen because of their electrochemical compatibility with the biological solution
environment in vivo. Typically, they include titanium (commercially pure (CP), Ti-6Al4V, Nitinol (NiTi)), cobalt-based (CoCrMo), and 316L stainless steel alloys [3]. Their
resistance to active corrosion comes from their passive surface: the 1-5 nm thick oxide that
spontaneously forms (given a nearby oxygen source), creating both a chemical and kinetic
barrier which limits further electrochemical activity. In most titanium alloys, this oxide is
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composed of TiO2. In cobalt-chromium and stainless steel, they are primarily chromiumbased.
As with any bearing surface, the oxide’s material properties and adhesion to the bulk
metal dictate its functional integrity in situ. Any time the oxide film is mechanically
removed or disrupted, the metal will immediately repassivate within a few milliseconds,
so long as solution and potential conditions allow. Metal ions will release into the
surrounding environment in the short time that the active metal surface is exposed. These
oxidation reactions result in a release of free electrons which accumulate on the metal
surface, giving it a net charge. In an aqueous solution, these electrons react with water (and
oxygen, if aerated) molecules to form hydroxide and hydrogen gas. These redox reactions
are the principal half-cell reactions that describe metal corrosion (see Fig. 1.1):
Passivation (anodic): 𝑛𝑀 + 𝑚𝐻2 𝑂 → 𝑀𝑛 𝑂𝑚 + 2𝑚𝐻 + + 𝑛𝑒 −
Ion dissolution (anodic): 𝑀 → 𝑀𝑛+ + 𝑛𝑒 −
1

Reduction in solution (cathodic): 2 𝑂2 + 𝐻2 𝑂 + 2𝑒 − → 2𝑂𝐻 −
2𝐻2 𝑂 + 2𝑒 − → 𝐻2 + 2𝑂𝐻 −
A number of other reactions can also occur, depending on the acidity of the solution and
the chemical species present. Depending on the alloy/alloys involved, certain metal ions
may dissolve preferentially. This has been observed as large amounts of Co ions measured
in solutions containing corroding CoCrMo, and high Co/Cr ion ratios measured in serum
samples from patients having complications with CoCrMo implant components [4].
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The repassivation process is a result of thermodynamic driving forces that make a
particular alloy surface fairly reactive. This is quantified as the potential created by a
relatively large charge separation of metal ions and electrons that occurs at the metalsolution interface, and is reflected in their ability to spontaneously form a passive oxide.
The voltage required to balance the rates of oxidation (anodic) and reduction (cathodic)
reactions of a metal surface at equilibrium is called the open circuit potential (OCP). OCP
will change depending on the local environment, including the presence of other metals,
ions, and biological processes, affecting rate of corrosion as a result.

Figure 1.1 Schematic showing MACC of a passive metal and the associated redox reactions. Abrasion by
an asperity removes the metal oxide, momentarily exposing the underlying active metal to the surrounding
solution. Before repassivating, metal ions dissolve into solution. The resulting free electrons remain at the
metal surface, where they reduce water molecules and transfer negative charge to the solution.

Once formed, the oxide has the added benefit of acting as a kinetic barrier against
continuous redox reactions and charge separations associated with accelerated corrosion
rates. However, whenever the oxide is mechanically removed or disrupted, the underlying
metal is again exposed, and repassivation occurs for as long as conditions allow. If this
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process repeats continuously, the local solution chemistry can be altered, creating a positive
feedback loop that tilts thermodynamic and kinetic driving forces towards a breakdown of
the oxide layer and active metal corrosion. This process alone can eventually cause a loss
of bulk metal as it repeatedly oxidizes over time, but the unique crevice environment
created by modular junctions may make it particularly vulnerable to accelerated rates of
corrosion.
The following model of crevice corrosion is generally accepted in the field, but remains
a working hypothesis. The crevice geometry created by a taper junction allows for a small
amount of fluid to enter from the outside biological environment. Upon loading of the
implant during walking and other activities, local shear stresses at contact points within the
junction become large enough to fracture the oxide of one or both metal surfaces, causing
repassivation. As the process continues during cyclic loading, the repeated oxidation of the
metal surface reduces the concentration of free oxygen in the crevice, where fluid flow is
limited. Low oxygen levels limit the rate of metal oxidation, which allows metal ion
concentrations to rise within the crevice, where they begin to react with nearby chloride
ions to form metal-chlorides. Metal-chlorides then form metal hydroxide and hydrochloric
acid with water molecules, ultimately lowering the pH of the crevice environment. In an
increasingly acidic environment containing a relatively high chloride concentration, the
typically passive metal surface becomes more reactive, corroding at a much higher rate
than in typical biological conditions [5].
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This process requires that either the metal oxide is abraded at a rate that exceeds its
repassivation rate, or that the crevice geometry restricts fluid flow enough to prevent
oxygen-rich molecules from circulating into the taper junction. So, while cyclic surface
abrasion caused by processes like fretting corrosion could quickly create MACC
conditions, theoretically only slightly repetitive oxide abrasion of the metal would be
required to accelerate corrosion. Differences in metal surface microstructures, their oxide
composition and mechanics, and the wear resistance and hardness of the surfaces in contact
could also affect the extent of MACC [5].
Evidence in support of the crevice corrosion model has been found in numerous implant
retrieval studies, as outlined below. However, currently no in vitro test methods have been
able to simulate crevice conditions in a way that produces the type or extent of damage
seen in retrievals.

1.2.2 Clinical Evidence of MACC
Clinical evidence of MACC of head-neck taper junctions began to rise following
their widespread use in the late 1980’s. A growing number of complications in patients
having implants with metal-on-metal (MoM) bearing surfaces revealed corrosion
byproducts in periprosthetic tissue and inflammation of the joint region, often with
granulomas and giant cells containing metal particles [6]. Adverse local tissue reactions
(ALTR) have since been linked to high levels of wear and corrosion and elevated blood
metal ion levels [7], [8]. While these biological reactions were initially linked to MoM
bearing surface degradation processes, more recent work has shown that modular taper
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junctions may also provide similar adverse local tissue reactions [9]. These types of
reactions are symptomatic of a chronic inflammatory reaction, unlike the typical immune
response associated with healing and a newly implanted material. This can create a highly
oxidative environment that can increase the implant’s electrochemical reactivity and
exacerbate implant degradation and corrosion debris production [10]. These types of
reactions have been observed in cases of pain, aseptic loosening, osteolysis, and stem
fracture, which all generally result in a revision surgery to replace the failed prosthesis
[11].
Around the same time, implant retrieval analyses began reporting severe corrosion
damage in taper junction crevices [12]–[14]. Gilbert et al. first proposed the theory of
MACC as the cause of in vivo corrosion of the head-neck taper region, and found evidence
of fretting, pitting, selective leaching, and intergranular attack in both mixed and similar
metal head/neck combinations [5]. A significant correlation between implantation time and
amount of corrosive damage was also reported, with moderate to severe corrosion present
after as little as 10 months. A later study by Goldberg et al. confirmed greater amounts of
corrosion and fretting damage in mixed metal couples (typically Ti-6Al-4V/CoCrMo) than
similar, and in femoral head components than stems [11]. Taper junctions examined by
Brown et al. showed preferential corrosion at proximal superior and distal inferior portions
of tapers, concluding that the areas experiencing the greatest bending moment were most
likely to show severe corrosion damage [15]. Head size, head offset, flexural rigidity, taper
engagement length, material processing, seating load, and increased modularity have also
been correlated to the damage seen in retrieval studies [3], [16]–[18]. These factors
8

illustrate the importance of the device’s mechanics as well as the effects of module design
and surgical assembly during implantation.
Retrieval implants are a helpful resource when attempting to determine why and how
implant failure and complications occur. Unfortunately, these studies contain a number of
contradictory conclusions regarding their impact on metal damage, ranging from the effects
of taper mechanics (flexural rigidity, moment arms, etc.), component size, modular
designs, angular mismatch, and material [16], [19]–[24]. Reasons for these discrepancies
could be due to selection bias of the available implants, or the inherent variability in
surgical technique, patient health, or patient lifestyle. It is clear that a number of factors
contribute to implant success, and many of them are not fully understood.

1.2.3 In Vitro Testing
In vitro test methods offer insights into taper assembly and mechanics that retrieval
studies alone cannot. Such methods allow for an initial investigation into the performance
of new materials, coatings, or modular designs under dynamic test conditions, and make
up a significant portion of preclinical device testing.
When considering orthopedic implants, modelling MACC processes requires an
approximation of the typical in vivo environment, which limits the conclusions that can be
drawn from them. Studies using synovial fluid samples are becoming less uncommon, but
the inconsistency of biological samples is another concern. Typically, metal samples are
tested in a neutral-pH, electrolytic solution with inorganic salts, sometimes with added
organic species.
9

The test method itself may vary depending on the samples and parameters of interest,
but the most apposite protocol will involve sensing and acquiring correlated mechanical
and electrochemical data in real time. This includes the use of displacement sensors to
measure relative distance between the samples in contact, and some type of actuator or load
frame system that can implement cyclic loading and/or abrasive conditions (such as fretting
motion) to one or more sample surfaces. Electrochemical processes can be measured
knowing the primary oxidation reactions involved during sample repassivation. The rate of
oxide volume repassivation can be quantified as a current when a fixed potential is applied
to the system. This measurement assumes that the rate of repassivation be much larger than
the rate of ionic dissolution, which is an acceptable approximation when the system is held
at a potential within its passive range. Potentiostatic testing typically includes the use of a
three-electrode system. A constant potential is applied to the electrically-coupled
contacting samples (which act as the working electrode), using a reference and counter
electrode. Any time the working electrode is abraded, current transients will flow from the
samples to the counter electrode as the oxide reforms. Ionic conduction through the
electrolyte solution allows the current to pass from the counter to the working electrode,
completing the circuit. The potentiostat measures and records the current required to
maintain the potential.
The metal samples, being able to both transport charge and accumulate it at the surface,
have both resistive and capacitive properties. Both properties depend on the surrounding
solution, the metals’ electrochemical history, and their current electrochemical properties
[25], [26]. These properties can be quantified in additional electrochemical tests like
10

polarization testing and electrical impedance spectroscopy (EIS). Polarization tests, by
applying a range of potentials to the working electrode and measuring the current response,
provide information about a metal’s resistance, passive behavior, and transpassive behavior
(the transition from passive to transpassive corrosion due to the loss of oxide passivity).
EIS is performed by applying a sinusoidal voltage over a static voltage using a range of
frequencies. The current response is then used to calculate the interface’s impedance,
which can be related to a resistive-capacitive circuit model to characterize its electrical
properties. Results from these test methods are a means of quantifying the electrochemical
properties of a sample surface, and can be used to characterize its susceptibility to corrosion
and describe the electrochemical state of the electrode system.
With the exception of stainless steel, accelerated crevice corrosion conditions have yet
to be reproduced in vitro [27]. Still, such tests may provide a means of quantifying the
effects of different materials, designs, and solution environments when subject to MACC
conditions. A protocol which captures and correlates the electrochemical and mechanical
behavior of components during cyclic loading has been previously developed, and
addresses some of the limitations of the current American Society for Testing and Materials
guidelines for modular implant interfaces [28]. Briefly, this method involves seating the
femoral head onto the femoral stem component, submerging the implant in an inorganic
saline solution, and applying a cyclic load to the implant at an accelerated frequency after
an initial loading period. Sensors on the stem component measure displacement relative to
the head, and a hydraulic load frame applies the load at a specified frequency. A
potentiostat with a three-electrode system holds the setup at a fixed potential and measures
11

current during seating and loading. Additional testing can include long-term testing of over
1 million loading cycles, and pull-off testing to measure the force required to extract the
head from the stem.
This protocol, and others like it, have been used to investigate the effects of a range of
seating factors, loading conditions, and design parameters. A recent quantitative analysis
of taper seating mechanics related the seating load to its locking stiffness, taper design,
contact area, and component materials [29]. While taper locking strength is directly
affected by seating load, a number of other factors have been shown to affect device
performance. A discussion of the effect of such factors individually is still needed. Part of
the focus of this work is to isolate and understand some of the particular seating conditions
that can be manipulated to prevent corrosion and micromotion at the modular interface,
which could create a more robust locking engagement between components.
An alternative approach to studying MACC processes in vitro without the use of device
components is with a setup that applies fretting motion to two small samples while
submerged in solution. Typical test samples include a ball-on-flat or pin-on-disk geometry.
While the forces and crevice geometry of modular tapers are absent, similar stresses can
be achieved at the samples’ area of contact. A test usually involves applying a constant
normal force and fretting motion to the samples simultaneously under potentiostatic
conditions. The same current, force, and displacement responses are measured as in device
testing, with both the forces and micromotion easily tunable to create specific contact
stresses, displacement amplitudes, and fretting frequencies. A custom pin-on-disk test
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setup has been used to report on the fretting corrosion behavior of Ti-6Al-4V, CoCrMo,
and stainless steel surfaces, and various studies have explored the effects of different
electrochemical solutions, fretting frequencies, potentials, and materials [30]–[33]. Since
much of this thesis is aimed at understanding the relationships between implant design
parameters and MACC, pin-on-disk testing has made up the majority of the studies
presented here.
One of the benefits of pin-on-disk testing is an in-depth look into the contact mechanics
of the fretted interface. When studying micromotion during MACC simulations, it is often
useful to incorporate tangential force v. displacement plots, commonly referred to as
fretting loops (Fig. 1.2), to understand the contact mechanics of the surfaces under varying
loads or displacements [34]. Generally, there are three different fretting regimes for which
two contacting surfaces can engage in: stick, stick-slip, and full/gross slip. As seen in Fig.
1.2, a stick condition results in minimal fretting motion, and therefore minimal surface
damage. Stick-slip can give rise to high local stresses on the surface at the interface between
sticking and slip, and gross slip creates the wear and oxidation products typically seen in
Figure 1.2 (Top) Tangential
force (T) v. displacement (d)
plots of different contact
conditions during fretting: (a)
stick, (b) stick-slip, and (c) gross
slip. ∆1 is the displacement
amplitude and T1 the tangential
force corresponding to the start of
stick-slip, and ∆2 and T2
correspond with the start of slip.
(Bottom) Fretting wear scar
images corresponding to each
fretting
regime
represented
above. From [34].
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heavily damaged head/neck implant retrievals [34], [35]. Fretting loops and fretting scars,
collected over a range of conditions, can then be summarized in a fretting map to visualize
the boundaries of each fretting regime.
A study testing the fretting corrosion performance of Ti-6Al-4V and CoCrMo alloys
(using both similar and mixed metal pairs) reported the changes in fretting regime as
normal load was increased using a variable-load test [30]. Stick-slip motion was associated
with the highest fretting currents and area within a fretting loop (indicating the maximum
amount of energy dissipated). Fretting regimes were also found to be largely dependent on
material couple, displacement, and the frictional forces at the interface. Others have related
the amount of energy dissipated during fretting to fretting regime and wear volume [36]–
[38]. None, however, have quantified the relationship between the mechanical motion and
corrosion processes that occur during oxide abrasion.
Since micromotion is a direct cause of MACC in the taper junction, relating the two
would provide additional information about the conditions that give rise to surface damage
in a corrosive environment. These fretting corrosion maps could represent this relationship
in the same way fretting maps are used describe a system’s mechanical behavior over
various conditions.

1.3 Implant Material, Design and Performance
It is well established that MACC processes are known to occur at the head-neck taper
interface of modern modular hip replacement devices, and that the resulting damage can
be linked to joint pain, implant loosening, and failure. However, despite the large amount
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of research on the subject, many of the precise causes and factors associated with the extent
of MACC and fretting corrosion in vivo are not known, and results are often conflicting
[35], [39]–[43]. This is partly due to the limitations of clinical retrieval studies and in vitro
test methods, which are largely related to the complexity and inconsistencies of the
associated biological processes involved. Variations in the test methods reported in
tribocorrosion studies, along with an insufficient discussion of the relevant electrochemical
processes is also an issue.
In general, the literature does agree that the longer the implant remains in the body,
the more severe the corrosion damage. It is also well understood that the geometry and
cyclic loading of modular junctions create an environment prone to accelerated corrosion,
which affects the state of nearby tissue. In terms of implant materials and design, factors
that directly affect mechanics and crevice geometry (e.g. taper angle, head size, material
microstructure, surface residual stresses) are known to directly impact performance.
Additional, systematic studies of isolated design factors that identify their effects on
implant longevity, as well as their interactions, will enable more effective methods against
corrosion.
Therefore, the focus of this thesis is to identify some specific aspects of implant
design and materials that previous work has deemed promising towards improved
tribocorrosion resistance. A recent in vitro analysis has shown that seating conditions
during head-neck assembly may be some of the most influential factors in short-term
fretting corrosion performance, and that they could predict the amount of micromotion at
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the interface [29]. Additional studies by Ouellette et al. have shown dramatic differences
in taper seating and corrosion performance with the use of a compliant, low-hardness, highperformance polymer gasket at the head-neck interface [44], [45]. To determine which
conditions may be responsible for these results, the primary goal of this work is to
investigate the relationship between the properties of the taper interface and its corrosion
performance, as made by the use of a soft polymeric layer. Specifically, the effects of the
compliance of the interface and hardness of the contacting surfaces will be studied under
simulated MACC conditions in a series of in vitro studies. These properties are
understudied and inadequately addressed in the existing literature.

1.3.1 Interfacial Compliance
The compliance of the taper interface can be directly measured during head-neck
assembly in vitro. This has been done previously using plots of seating load versus
displacement, which describe the locking engagement between the head and neck taper
components (Fig. 1.3) [45], [46]. The slope of this curve represents the mechanical locking
stiffness of the system, k, and its reciprocal (1/k), the compliance. K depends on the
properties of the materials of the taper junction, and both its macro- and microscopic
geometries. With a simplified calculation, these properties can also be used to approximate
stiffness, as shown in Equation 1.
Since seating conditions (which directly relate to pull-off forces) have been shown
to be indicative of long-term corrosion performance, the effects of locking stiffness have
been analyzed in this work, in the form of interfacial compliance using pin-on-disk testing
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[47]. Interfacial compliance directly affects micromotion between fretting surfaces and can
be modified using contact geometry (surface topography) and material properties
(modulus).

B

A

Equation 1
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Figure 1.3 (A) A taper seating curve showing head displacement as a seating load is applied and subsequently
removed. Taper locking stiffness (k) can be found using the linear portion of the curve. (B) A simplified seating
model showing an elastic ring seating onto a rigid taper. (C) Shows the resulting forces imparted on the
interface, which are used to define k in Equation 1. From [46].

1.3.1.1 Surface Topography
A range of taper surface topographies already exist on current designs, often within
the range of 10-20 µm, but research on their effects on corrosion performance is
inconclusive. A study by Jauch et al. reported greater pull-off forces in smoother taper
designs, which may correspond with less micromotion, but lacked electrochemical testing
that could quantify corrosion [48]. Brock et al. reported higher rates of wear in threaded
taper trunnions compared to smooth, but the effects of additional design differences
including taper length, angle, and head size could have also been at play [49]. Pourzal et
al. showed less damage associated with larger surface machining marks, although results
were largely alloy couple-dependent [50]. Similar studies of taper trunnions with varying
surface finishes associate rougher surfaces with more corrosion damage, while others
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maintain that there is no such correlation [51]–[55]. These efforts highlight the variability
that already exists in current surfaces, as well as the difficulty in isolating the parameter
from other design features. They also suggest the importance of scale when using surface
topographies and geometric patterns to affect compliance. Since many reports show
increased corrosion damage in rougher surfaces, it is likely that any contact geometry
modifications may need to be larger than the typical “rough” machining marks seen on
commercial taper trunnions.
Therefore, geometric surface patterning was used here to increase the compliance of
orthopedic alloy samples and observe any changes in the interfaces’ micromotion and
fretting corrosion behavior during in vitro testing. An assessment of the long-term stability
of this modification was performed afterwards, using 1-million fretting cycle tests under
constant loading conditions that are more representative of a typical implant lifecycle.
1.3.1.2 Modulus
Since Young’s modulus describes the stiffness of a material, it can also be used to
change the compliance of the interface. Recent device testing using SRC-PEEK gaskets
between the head and stem taper components have shown taper junction locking that was
comparable to metal-metal junctions, both of which experienced minimal fretting corrosion
damage [44]. Furthermore, the gaskets were able keep fretting corrosion currents at a
minimum throughout long-term testing conditions, with no evidence of material failure.
The compliance of the polymer and its position at the interface was thought to prevent
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oxide abrasion of the metal surfaces due to its low modulus, an addition to its low hardness
and high wear resistance.
To determine the limiting conditions of SRC-PEEK’s use as a gasket, particularly
its wear resistance and long-term stability between metal surfaces, a fretting corrosion
study of SRC-PEEK thin films was performed for one million fretting cycles. These longterm results could then be compared to those of the previously developed compliant
geometries.

1.3.2 Surface Hardness
Surface modifications have been the most-widely used approach to improving
implant fretting and wear resistance since they avoid the need to redesign components. This
is often done by creating a coating or treatment that increases the component’s hardness,
which ensures that its mechanical and frictional properties remain mostly unchanged [39].
Unfortunately, the methods used to reduce fretting damage, and the research on their
efficacy, are both convoluted and at times contradictory. Elder et al. reported on ion
implantation conditions to optimize Ti-6AL-4V wear properties and observed varied
behavior that appeared dependent on the sliding conditions at the surface [56]. A study by
Saritas et al. concluded that ion implantation reduces Ti-6Al-4V wear volume and friction
properties, although like many similar studies, there is no discussion of its corrosion
performance [57]. Surface treatments that do not involve coatings seem highly dependent
upon the resulting changes to the metal surface oxide [58], [59]. In a study on a physical
vapor deposition (PVD) coating by Mohrbacher et al., enhanced wear performance was
observed, but once the coating was perforated wear proceeded at an even faster rate [59].
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Other studies of surface coatings have shown decreased wear resistance as normal stresses
approach clinically-relevant levels [39], [41], [60].
Given the amount of research dedicated to manipulating surface hardness without
much consensus on its effectiveness, this thesis will also investigate the underlying
phenomena of hard-hard (including metal-metal) surface contacts. This was done by testing
the fretting corrosion behavior of materials of varying hardnesses against common implant
alloys. The results will facilitate a more informed, scientifically-based approach for future
surface modifications.

1.4 Goals
This thesis will address the knowledge gaps, as discussed above, that remain in the
current literature. Specifically, the following questions will be answered:
1. How does interfacial compliance affect fretting corrosion processes?
2. Can fretting corrosion maps be developed to quantify the effects of interfacial
compliance?
3. To what extent can surface topography alone impact interfacial compliance and
fretting corrosion?
4. To what extent can a material’s modulus do the same?
5. How does counterface hardness affect a metal’s corrosion performance?
6. What counterface material properties are most influential to a metal’s corrosion
performance?
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The goal of this work is to answer these questions to better understand the role of
compliance and hardness on taper junction contact mechanics. In all of the fretting
corrosion tests performed, a custom-built pin-on-disk system was used, which has been
previously developed in this lab. The primary sample alloys used were Ti-6Al-4V and
CoCrMo, as they are some of the most common metals currently used in modular hip
replacement components. While the specific test protocols vary according to each set of
experiments, much of the collected data is the same. Forces and displacements were used
to create fretting loops and quantify contact conditions between samples, and current was
used to observe the simultaneous corrosion processes. Samples were observed with
microscopy and other post-test analyses. The results presented are expected to inform
future developments of more effective methods against MACC and its associated implant
damage.
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2 Aims and Hypotheses
A set of experiments is proposed, aimed to mitigate fretting corrosion as a source of
device failure by altering the properties of the interface itself. First, the compliance of
metal-metal interfaces will be increased using modified contact geometries, which should
induce larger elastic displacements and frictional locking between surfaces during fretting.
This approach will then be tested under long-term conditions, along with another highcompliance interface created using an interfacial polymer thin film. The polymer layer will
increase compliance by lowering the modulus of the counterface contacting the metals.
Lastly, the hardness of metal-hard interfaces will be evaluated with the use of different
counterface materials encompassing a range of hardnesses. Each goal, specific aim, and
hypothesis is outlined below.

2.1 Compliance, Contact Geometry, and Fretting Corrosion of Ti6Al-4V and CoCrMo Interfaces
Goal: To demonstrate the role of interfacial compliance on fretting contacts, varied
millimeter-scale surface topographies were assessed for compliance, contact mechanics,
and fretting corrosion of common medical implant alloys.
Specific Aim: The effects of single-asperity, cantilever-based geometries were
characterized using variable-load, pin-on-disk fretting corrosion tests. Mechanical
properties (forces and displacement), electrochemical properties (fretting current), and
compliances (sample and system) were used to characterize the corrosion performance and
contact mechanics of Ti-6Al-4V/Ti-6Al-4V, CoCrMo/CoCrMo, and Ti-6Al-4V/CoCrMo
pin/disk interfaces.
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Hypothesis: Creating a more compliant interface will reduce fretting motion and/or oxide
abrasion by inducing a stick regime between surfaces, allowing elastic deformation to
accommodate fretting motion. Fretting currents will arise whenever there is relative motion
measured between surfaces (i.e. non-zero displacements). From force-displacement data,
the area within a single cycle of fretting is expected to correlate with fretting currents.

2.2 Long-term Fretting Corrosion of Compliant Interfaces:
Analyzing the Effects of Contact Geometry
Goal: Analyze the effects of varied millimeter-scale surface topographies on the long-term
fretting corrosion performance and surface damage of Ti-6Al-4V/CoCrMo interfaces.
Specific Aim: The effects of the same single-asperity, cantilever-based geometries of the
previous aim were characterized using 1-million cycle, pin-on-disk fretting corrosion tests
using Ti-6Al-4V/CoCrMo pin/disk couples. Mechanical and electrochemical properties
were measured periodically during testing to understand the changes in contact mechanics
and corrosion behavior over time. Sample surfaces were analyzed afterwards to quantify
surface damage using electrical impedance spectroscopy (EIS), digital optical microscopy
(DOM), and scanning electron microscopy with energy dispersive spectroscopy
(SEM/EDS). Corrosion debris were quantified using SEM/EDS and inductively coupled
plasma mass spectrometry (ICP-MS). Correlations between the extent of damage, debris
generation, and compliance were made.
Hypothesis: Single-asperity pins will remain at stick conditions if contact stresses and
frictional forces remain constant throughout testing, which will depend on the amount of
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debris produced at the interface. Sticking is expected to occur in a more compliant
interface, which will keep surface damage to a minimum. Therefore, mechanical and
electrochemical measurements should correlate with the amount of surface damage
observed on samples.

2.3 Long-term Fretting Corrosion of Compliant Interfaces:
Analyzing the Effects of SRC-PEEK Thin Films
Goal: Analyze the long-term fretting corrosion performance and stability of thin films
made from a self-reinforced PEEK composite (SRC-PEEK, a low-modulus, highperformance polymer) placed between Ti-6Al-4V/CoCrMo surfaces, to understand the role
of interfacial modulus on fretting contact mechanics during long-term fretting corrosion
testing.
Specific Aim: The long-term fretting performance of interfacial SRC-PEEK thin films was
characterized

using 1-million

cycle

pin-film-disk

tests

with

Ti-6Al-4V/SRC-

PEEK/CoCrMo pin/film/disk couples. Mechanical and electrochemical measurements
during fretting corrosion were recorded in the same manner as the previous aim. DOM,
SEM/EDS, and ICP-MS were used to assess metal and polymer sample surfaces for the
presence of corrosion debris and PEEK transfer particles. Fourier transfer infrared
spectroscopy (FTIR) was also used to analyze sample solutions for the presence of PEEK
debris.
Hypothesis: SRC-PEEK thin films are expected to result in a more stable, low-modulus
interface that can insulate metal surfaces, prevent oxide abrasion, and limit surface damage
during prolonged fretting corrosion. The low hardness, high compliance, and wear
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resistance of PEEK will make it effective in limiting the measured fretting currents and
displacement during testing compared to metal-metal controls.

2.4 Material Hardness and Fretting Corrosion in Ti-6Al-4V and
CoCrMo Interfaces
Goal: Determine whether there is a critical hardness for which no oxide abrasion will occur
on Ti-6Al-4V and CoCrMo surfaces, regardless of the applied normal load.
Specific Aim: The effect of material hardness on fretting corrosion behavior was assessed
using variable-load, pin-on-disk testing. Pins made of non-metal materials encompassing
a range of hardnesses, from below to above the hardness of Ti-6Al-4V and CoCrMo disks,
were tested. Current was recorded while pins were fretted against metal disks, with any
increase from baseline indicating oxide abrasion. Mechanical data was used to verify
sliding between surfaces as load is increased. Sample surfaces were imaged using
SEM/EDS after testing and contact area was measured with DOM.
Hypothesis: It is hypothesized that fretting corrosion damage only occurs when there is
induced plastic deformation of the metal surface. Assuming elastic-perfectly-plastic
contact conditions for metal surfaces, no oxide abrasion will occur on disks tested with
pins having a lower relative hardness, as contact stresses will not reach the alloy hardness
(surface yield stress). With no plastic deformation there will be no fretting current
generated, and currents will remain at their baseline level throughout testing. An increase
in contact area is expected, in a manner that is inversely proportional to pin hardness (or
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hardness differential between pin and disk). Similar results are expected in Ti-6Al-4V and
CoCrMo samples, since they have comparable hardnesses.
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3 Compliance, Contact Geometry, and Fretting Corrosion
of Ti-6Al-4V and CoCrMo Interfaces
3.1 Introduction
Fretting corrosion, a type of mechanically assisted crevice corrosion (MACC), is
caused by micron-scale cyclic abrasion between two contacting metal surfaces (or metalhard interfaces, such as metal and ceramic) when immersed in electrolyte solutions. The
presence of MACC over time causes a tribocorrosion-based breakdown of the metal
surface and releases oxidized species (solid and ionic) into the surrounding solution
environment [5], [61], [62]. This phenomenon is known to occur at the head-neck taper
junction of modular hip implants, and has been associated with implant failure and the need
for revisions [8], [63]–[65]. Recent work on the mechanics and corrosion processes
involved in MACC has shown that materials- and design-related concepts may be key to
developing a more corrosion-resistant modular implant in ways that have yet to be
considered [39], [40], [45].
Many studies of modular taper junctions have focused on understanding one or
more of the factors affecting their corrosion performance. Significant effects have been
observed among different material/alloy couples, taper angles, head sizes, head offsets,
loading conditions, and flexural rigidities [11], [23], [66]–[68]. Recent work has shown
that seating conditions during head-neck assembly may be one of the most influential
factors in the extent of short-term fretting corrosion observed during in vitro testing, and
that it could predict the amount of micromotion produced at the junction interface [3].
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Further research is needed to determine which seating conditions in particular can be
manipulated to affect long-term performance, and the mechanisms behind them. Previous
studies by Ouellette et al. have shown dramatic differences in taper seating and corrosion
performance with the use of a compliant, low-modulus, low-hardness, self-reinforced
composite (SRC) PEEK gasket at the head-neck interface [45], [69]. The purpose of this

Figure 3.1 (Top) Schematic of typical gross slip during fretting under a normal load, FN. Abrading the oxide
(grey) at a small displacement, δ, exposes the active metal and facilitates corrosion. A frictional force, Ff, acts
opposite the direction of fretting. (Bottom) How compliant surface topographies can induce sticking during
fretting and prevent oxide disruption.

work is to investigate the relationship between one such property of the taper interface,
surface compliance, and its effects on the contact conditions and fretting corrosion
performance at the interface.
Micromotion is of particular interest within this study because it is a direct cause of
corrosion in taper junctions in vivo [3], [35]. At the head-neck junction, relative interfacial
movement can occur in all three directions and can include sliding, torsion, and bending.
Inter-asperity contact between surfaces during this motion can abrade the oxide film and
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allow for corrosion through the breached region, due to the high stresses imparted on the
true area of contact and the surfaces’ material properties. Work by Vingsbo and Söderberg
defined the contact conditions of fretting as slip, stick-slip and stick [34]. These concepts
are useful in understanding fretting corrosion processes as well. With fretting corrosion,
the slip conditions will affect both the work of fretting and the fretting corrosion currents
generated during oxide abrasion and repassivation.
The use of geometric surface modifications is one way in which compliance can be
altered, with others arising from material selection and macroscopic compliance effects. A
taper surface modified with a local geometric pattern of raised pillars or ridges coming out
orthogonally to the metal surface, such that only the raised patterned parts of the surface
contact the head bore when assembled, may increase lateral compliance without
significantly compromising normal stiffness. This patterning will lower the stiffness of the
interface, and when fretting arises, the motion will be accommodated by elastic
deformation while the contacting geometries ‘stick’ to the bore surface. The elastic
deformation will reduce or eliminate fretting motion, thereby reducing the abrasion of the
surface (see Fig. 3.1). Again, this modification involves elastic motion at individual contact
areas within the taper junction itself, as opposed to the macroscopic flexural rigidity of the
modular taper trunnion. Taper flexural rigidity in this sense has been studied and compared
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among various as-manufactured taper designs, which have shown that lower flexural
rigidity increases fretting corrosion damage [20], [46], [70].
The goal of this study is to determine if fretting corrosion behavior of common
biomedical alloys can be mitigated using geometric changes to the contacting surfaces.
Testing this concept involves a simplified approach to studying interfacial compliance,
using individual model (large-scale) asperities of varied stiffnesses rather than a patterned
surface. It is hypothesized that a compliant interface will be more favorable to stick
conditions under the typical stresses and fretting motion seen in vivo. That is, stick will be
more likely to occur under lower loads in more compliant interfaces. This will reduce
fretting by locking the two surfaces together, minimizing fretting corrosion processes.

3.2 Materials and Methods
A custom in vitro pin-on-disk fretting test setup was used to test pin/disk couples made
from Ti-6Al-4V/Ti-6Al-4V (ASTM-F1472), CoCrMo/CoCrMo (ASTM-F1537), and Ti6Al-4V/CoCrMo (Medtronic, Inc, Memphis, TN, USA) [30]. For each alloy couple, three
pin contact geometries and compliances (low (2 mm wide x 1 mm tall), medium (1.5 mm
wide x 2 mm tall) and high (1 mm wide x 3 mm tall) were tested against standard control
pins (comprised of a conical tapered rod geometry) at room temperature in phosphate
buffered saline solution, pH 7.4 (PBS, Sigma Aldrich, St. Louis, MO, USA). The
compliance of each geometry was calculated using the spring stiffness formula and beam
deflection equation for a point-force load on a cantilever. The three different geometries
give each group a compliance parameter, the reciprocal of the stiffness, which differs by at
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least one order of magnitude (see Fig. 3.2). All samples were wet-polished sequentially
from 240 to 600-grit carbide paper to create uniform contact surface roughnesses, (Ra) <
50 nm, and their surfaces cleaned with acetone and rinsed with DI water before mounting
them in the test setup. Each group was compared to controls in a variable-load pin-on-disk
fretting test at a fixed potential of -0.1 V (vs. Ag/AgCl) for Ti-6Al-4V/Ti-6Al-4V or 0 V
for CoCrMo/CoCrMo and Ti-6Al-4V/CoCrMo (mixed) couples. A variable-load test was
chosen because it allows for the full range of fretting regimes (slip, stick-slip and stick) to

Figure 3.2 Side-view schematic of modified pins to be used during pin-on-disk testing. Each group has a
different height and cross-sectional area, giving each a different compliance (Low, Medium, High). Figures
not drawn to scale.

be captured under a relatively short period of time and allows for a clear comparison
between contact geometries and material pin/disk couples. As normal load is incrementally
increased, the progression from slip to stick-slip to stick can be identified by the associated
mechanical and electrochemical data.
During each test, after the system was first allowed to equilibrate for 30 min, 100
seconds of cyclic fretting motion (100 µm, 1 Hz) was applied, between subsequent 100second rest periods, under increasing normal loads (0-50 N). Normal load was increased
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by 0.5 N increments for Ti-6Al-4V, and 2 N increments for CoCrMo/CoCrMo and mixed
couples, to account for their higher-load stick conditions. Pin displacement and forces were
collected after 50 s of fretting. Current was recorded throughout testing using a threeelectrode system, where the electrically-coupled pin and disk acted as the working
electrode, a carbon rod acted as a counter electrode, and Ag/AgCl as the reference.
Fretting load-displacement loops were obtained for each normal load during a given
test by plotting the acquired instantaneous tangential force versus displacement of a single
fretting loop at each normal load. Sliding coefficient of friction (COF) was calculated using
the region of tangential force corresponding with sliding motion of the pin at each normal
load tested. Fretting loops were also used to calculate the stiffness of the test system itself,
illustrated by the slope of the elastic portion of each curve (at either end of the displacement
range). Fretting currents were calculated by taking the average current recorded during
fretting and subtracting from it the average baseline current (i.e., the current present before
and after fretting corrosion).
Statistical analysis of results included one- and two-way analyses of variance with posthoc Bonferroni-corrected student t-tests. These were performed on sticking forces, pin
stiffnesses, and measured contact areas to determine significant differences between and
within groups (p < 0.05).
When analyzing the data collected, particular attention was given to the conditions that
identify transitions between fretting regimes.
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3.3 Results
The mechanical force-displacement results from fretting corrosion tests for mixed (Fig.
3.3A) and Ti-6Al-4V/Ti-6Al-4V pin/disk couples (Fig. 3.3B) for a range of normal forces
show the sliding displacement diminishing with increasing force and the changes in
hysteresis (fretting work) with increasing load. CoCrMo/CoCrMo couples (not shown)
were very similar to that seen in the mixed couples shown. The WOF (area inside a fretting
loop) is small at low loads, grows to a maximum and then decreases back to near zero at
high loads, where the load-displacement plots look close to elastic in behavior and the
interface is sticking. Ti-6Al-4V/Ti-6Al-4V fretting loops in Fig. 3.3B show a lower range
of normal loads than mixed (and CoCrMo/CoCrMo) couples since this stick condition
occurred at a lower load. Ti-6Al-4V fretting loops also show a sharp increase in tangential
force as the pin approaches the end of a fretting cycle and changes direction. The blue
arrow in Fig. 3.3A and purple arrows in Fig. 3.3B show the experimental load-displacement
path (i.e., the peak frictional forces and displacements) for a single experiment. While this
path remains linear for CoCrMo/CoCrMo and mixed couples, its slope begins to decrease
in Ti-6Al-4V/Ti-6Al-4V couples as the surfaces enter the stick-slip regime and move
towards stick.
The theoretical fretting corrosion regime boundaries (Fig. 3.3C) defining the transition
conditions of stick, stick-slip and slip are plotted with each load-displacement path
schematically superimposed. The two orange lines in Fig. 3.3C represent the fretting
boundaries between stick and stick-slip conditions, and between stick-slip and slip, and
will vary depending on the material combination, interfacial compliance, and test system
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used. The two load-displacement paths follow the progression from slip to stick during a
single test and intersect these boundaries at single locations only. Multiple paths would be
needed to create the points needed to make each boundary line, but it is assumed here that
these boundaries vary linearly and converge to zero shear and zero displacement and thus,
can be defined by these single sets of experiments. The stick-slip/slip boundary is defined
as the conditions where the WOF is a maximum. The stick/stick-slip transition is
represented by the elastic portion of the load-displacement plots (i.e. the slope of the
fretting loop where stick occurs). In Ti-6Al-4V/Ti-6Al-4V couples, the slip/stick-slip
condition (maximum WOF) corresponds with the initial point at which the experimental
load-displacement path slope changes.

Figure 3.3 Fretting loops of (A) a typical mixed and
(B) Ti-6Al-4V couple show the progression from
slip to stick with increasing normal load. (C) The
intercept between the experimental load
displacement paths in A and B and their fretting map
boundaries defines the systems’ stick and slip
transitions.

WOF (Fig. 3.4) rises with load to a maximum and then drops to near zero for most
cases. Maximum WOF, the load at maximum WOF and the load where WOF falls to near
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zero (i.e., stick load) varies by material and compliance. For example, maximum WOF for
Ti-6Al-4V/Ti-6Al-4V in Fig. 3.4A occurs at about 4 to 6 N, and is much lower than that
for mixed or CoCrMo/CoCrMo couples in Fig. 3.4B-C (about 20 to 28 N). Ti-6Al-4V/Ti6Al-4V couples generally reach a maximum WOF load and stick load that is, on average,
about 3x to 5x smaller than CoCrMo/CoCrMo and mixed couples. CoCrMo/CoCrMo and

Figure 3.4 Graphs of average work of fretting
(WOF) v. normal load for each alloy couple.
WOF generally increases with load, reaches a
maximum, and then decreases back down to a
minimum when stick occurs. (A) Ti-6Al-4V/Ti6Al-4V couples have lower WOF values than
(B) CoCrMo/CoCrMo and (C) Ti-6Al4V/CoCrMo couples. High compliance pins
reach stick at a noticeably lower load than
controls, medium, or low compliance groups.

mixed couples have similar WOF ranges and stick conditions. Regardless of material
couple, the rise and fall of WOF is noticeably shortened for the high compliance groups.
Average fretting current (Fig. 3.5) also varies with alloy couple and pin geometry.
Current variations are similar to WOF in Fig. 3.4. In all cases, fretting current rises with
35

normal load, reaches a maximum, and then falls back to zero (corresponding with stick
conditions). Ti-6Al-4V/Ti-6Al-4V couples in Fig. 3.5A elicited maximum fretting currents
that were at least three times higher than those of CoCrMo/CoCrMo (Fig 3.5B) and mixed
(Fig. 3.5C) couples, and reached stick conditions at considerably lower loads for all pin
types. In all couples the rise and fall of fretting current occurs at lower normal loads for the
most compliant pin group.
Plotting WOF and fretting current data together in Fig. 3.6 characterizes both the
surface damage and fretting corrosion regime (red lines) as a function of normal load for a
fixed applied displacement. The stick-slip/slip boundary is defined by the maximum

Figure 3.5 Average fretting current v. normal
load for each alloy couple. (A) Ti-6Al-4V/Ti6Al-4V couples maintain peak fretting currents
that are considerably higher than (B)
CoCrMo/CoCrMo and (C) mixed groups. A
drop in current can be seen at lower loads in the
high compliance groups. Negative currents are
due to noise.
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fretting current and WOF, representing the maximum amount of surface abrasion and
mechanical energy dissipated within a single fretting cycle, respectively. The stick/stickslip boundary can be seen as the portion of the curve where both current and WOF
subsequently drop to a minimum, indicating a lack of movement at the interface.
Plots of average fretting current versus WOF, or fretting corrosion maps, (Fig. 3.7)
show an approximately linear trend for all alloy couples that is independent of pin

Figure 3.6 Average fretting current and WOF v. normal load, showing fretting corrosion regime transitions
during variable-load fretting corrosion tests. The maximum current and WOF represent the slip/stick-slip
boundary, and the load at which WOF and current reach a minimum is the stick-slip/stick boundary.

geometry. Ti-6Al-4V/Ti-6Al-4V graphs (Fig. 3.7A) have a higher slope than both
CoCrMo/CoCrMo (Fig. 3.7B) and mixed couples (Fig. 3.7C). It is interesting to note that
the CoCrMo/CoCrMo and mixed plots have very similar slopes even with a Ti-6Al-4V
surface present in the mixed couple.
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Figure 3.7 Fretting corrosion maps for each alloy
couple. (A) Ti-6Al-4V/Ti-6Al-4V couples have
a much larger fretting current associated with the
same WOF as (B) CoCrMo/CoCrMo and (C) Ti6Al-4V/CoCrMo. A linear relationship can be
seen for all groups within each couple, regardless
of pin compliance.

Fig. 3.8 summarizes the average normal loads associated with the transition from
slip to stick-slip (Fig. 3.8A) and stick-slip to stick (Fig. 3.8B). In Fig. 3.8A, significantly
lower stick-slip/slip forces were observed among all high compliance groups within each
alloy couple, and forces of all Ti-6Al-4V/Ti-6Al-4V couples remained approximately 3-5
times lower than CoCrMo/CoCrMo and mixed. A similar trend can be seen in Fig. 3.8B,
with lower stick/stick-slip forces in all high compliance groups. Ti-6Al-4V/Ti-6Al-4V
forces were approximately five times lower than those of CoCrMo/CoCrMo and mixed
couples.
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The average COF during sliding in Fig. 3.9 starts slightly high and decreases with
increasing load (>2 N), with little variation. Ti-6Al-4V/Ti-6Al-4V couples (Fig. 3.9A)
have COF values (about 0.5) that are almost twice that of CoCrMo/CoCrMo (about 0.25,
Fig. 3.9B) and mixed couples (about 0.23, Fig. 3.9C). All couples showed little variation
in COF among different compliances.
Apart from pin compliance, the compliance of the test system was also measured in
terms of its reciprocal stiffness, using the slope of the elastic portion of a single fretting
loop. Fig. 3.10A-C show a comparison of such fretting loops between control and high
compliance pins at 6 N for each alloy couple. Differences in WOF and the slope at each
end of the measured displacement can be seen, especially in Ti-6Al-4V/Ti-6Al-4V (Fig.
3.10A), as the decrease in hysteresis in the high compliance group. Due to the higher stick
forces of CoCrMo/CoCrMo (Fig. 3.10B) and mixed couples (Fig. 3.10C), the differences
in fretting loops are not as stark as Ti-6Al-4V/Ti-6Al-4V. Differences in test system
stiffness (i.e., slopes at the maximum and minimum displacements) are shown in Fig.

Figure 3.8 Normal loads associated with each (A) stick-slip/slip boundary and (B) stick/stick-slip boundary,
summarized across pin groups and alloy couples. A drop in boundary force in the high compliance groups
can be seen in each couple. Ti-6Al-4V/Ti-6Al-4V groups have lower boundary forces than
CoCrMo/CoCrMo and CoCrMo/Ti-6Al-4V.
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3.10D, representing the compliance of both the test setup and pin geometry. Since the same
setup was used for all tests, relative differences in slope between groups represent the
effects of pin compliance alone, where lower slopes indicate higher pin compliances.
Significantly lower stiffnesses can be seen in high compliance pins, as expected.
Fretting maps (Fig. 3.11) show the effects of each pin geometry on the system’s fretting
boundaries. Both boundary lines decrease with increasing compliance regardless of alloy
couple. The decreases in stick/stick-slip boundary lines are greater than those of the stick-

Figure 3.9 Average COF v. normal load for
each alloy couple. (A) Ti-6Al-4V/Ti-6Al-4V
groups generally have a higher COF compared
to (B) CoCrMo/CoCrMo and (C) mixed
couples. COF rises slightly at lower loads but
varies less as load increases.

slip/slip boundary. The high compliance fretting maps in Fig. 3.11C also show a much
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narrower stick-slip region compared to the low (Fig. 3.11A) and medium (Fig. 3.11B)
groups.

Figure 3.10 (A-C) Fretting loops from control and high compliance pins at 6 N. High compliance groups
have lower slopes at the elastic portion of the curve, indicating a lower system stiffness. Obvious differences
can be seen between the two pin types in (A) Ti-6Al-4V/Ti-6Al-4V, but less so in (B) CoCrMo/CoCrMo
and (C) mixed couples. (D) Average system stiffnesses (1/compliance) represent the compliance of both the
test setup and pin.

3.4 Discussion
The focus of this study was to observe the effects of interfacial compliance on the
fretting corrosion behavior of metal-metal interfaces, in a manner that is independent of
material properties. Pin-on-disk testing on Ti-6Al-4V and CoCrMo interfaces using
modified pin geometries allowed for a preliminary assessment of these effects in terms of
fretting current, energy dissipated (WOF), and normal load. Results showed the strongest
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evidence of improved corrosion resistance by minimizing fretting motion in the most
compliant group. The concept of fretting corrosion maps has been introduced to quantify
the contact conditions and surface damage as it occurs under dynamic test conditions,
rather than relying on post-test, qualitative analyses of the contact region [34]. Until now,
similar methods have only been able to describe purely mechanical processes [37]. Fretting
corrosion maps can be used to predict a system’s behavior over a range of experimental
parameters using the results of a single test, in an electrochemical environment that more
closely resembles MACC in taper junctions, compared to typical tribological studies.
Lower boundary conditions and a smaller stick-slip region in high compliance fretting
maps relate to a stick regime that can occur over a wider range of forces and displacements
and a lower chance of stick-slip, which has been associated with the highest rates of surface

Figure 3.11 (A-C) Fretting maps of low, medium,
and high compliance groups, showing regime
boundaries for each alloy couple. The stick/stickslip and stick-slip/slip lines in the high compliance
pin group (C) have significantly lower slopes for
all alloy couples.
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damage and debris generation [34]. In other words, high compliance geometries create
contact conditions that lower the frictional threshold for sticking, without changing the
materials used in modular device components.
Although individual macro-asperities were tested using the pins described above, a
pattern of compliant pillars in a modular taper junction is expected to minimize
micromotion in a similar way. Since taper stiffness is directly related to the pressure
associated with seating force, a high-pressure seating of the head and neck taper will
require less displacement for frictional locking [45]. Similarly, small decreases in
displacement (i.e. micromotion) would give rise to large pressure drops. In this way, an
interface with greater compliance would require a greater seating displacement to reach the
same pressure as a stiffer one, and any small displacements would result in small pressure
changes as well. This creates an interface that is more stable against fretting motion, and
would also give the added benefit of allowing fluid flow within the interface, which may
lower the risk for accelerated crevice corrosion [3].
Note that there is an effect of sliding speed (or sliding frequency) on the fretting current
that is not captured in this data, where WOF will not be significantly affected by frequency,
but fretting current will. In this study, fretting frequency was kept constant for all tests to
eliminate this added variability. Therefore, these results show only the effects of material
combination and contact geometry.
The differences between Ti-6Al-4V and CoCrMo fretting loops and load-displacement
behavior (Fig. 3.3) may relate to the differences in the properties of their surfaces and
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oxides. A Ti-6Al-4V oxide (TiO2) is known to be weaker and more brittle than that of
CoCrMo (primarily Cr2O3), which, along with its higher COF, could explain the rise in
shear force measured at each end of a fretting cycle. If larger amounts of oxide debris were
to pile up and hinder the pin’s motion at each end of its fretting path, frictional forces
should increase accordingly. The maximum tangential force reached during a single
fretting cycle in Ti-6Al-4V/Ti-6Al-4V couples also started to decrease with increasing
load, as evident by the slope changes in its experimental load-displacement path (Fig. 3.3).
This could be explained by the lower hardness of the titanium alloy compared to CoCrMo.
The softer surfaces may be plastically deformed at high normal loads, causing a decrease
in tangential force measured as the material yields from a combination of the higher contact
stresses and slight back-and-forth movement of the applied fretting motion. This could
cause the pin to ‘dig in’ to the disk, without any actual changes in measured displacement.
Disparities in fretting corrosion boundary conditions across alloy couples are partly
owed to the properties of the interface and alloys. COF is a property of the interface that
affects fretting damage, and is also directly involved in taper locking mechanics during
assembly [45]. The large increases in fretting current and low boundary forces seen in Ti6Al-4V/Ti-6Al-4V couples are likely a result of the system’s greater COF. Fig. 3.7 shows
that these differences are primarily couple-dependent and unrelated to interfacial
compliance. The higher slope of the Ti-6Al-4V/Ti-6Al-4V curve in Fig. 3.7 indicates that
it is much a more “efficient” interface in terms of oxide abrasion compared to
CoCrMo/CoCrMo and mixed couples (i.e., it generates more current per unit fretting work
than the other interfaces). Since a higher COF relates to increased fretting currents and
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WOF, this increased efficiency can also be attributed to Ti-6Al-4V/Ti-6Al-4V’s COF. It is
unclear why CoCrMo tends to dominate the interface’s fretting behavior when coupled
with Ti-6Al-4V, as evident in fretting loops, boundary forces, and COF. CoCrMo hardness
and modulus could be involved in this phenomenon, as they affect oxide abrasion by
changing the surfaces’ true contact area.
Regardless of alloy couple, test system stiffnesses remained at least one order of
magnitude below average pin stiffnesses (Fig. 3.10), and are largely made up of the arm of
the test setup holding the pin and load cell. The system stiffness is partly responsible for
the effects seen in stick forces, since the component with a greater stiffness will dominate
considering a system in series. Accounting for test system compliance will be a challenge
when comparing results in the literature, as each setup will have its own compliance that
will significantly affect its fretting corrosion behavior. However, if the pin/disk alloys and
testing conditions are comparable, results using other setups can be compared as long as
the system and pin compliances are reported.
These results, while promising in the case for compliant interfaces, are limited to the
test conditions used. Each pin dimension is limited to a range of frictional forces and
displacements, above which can cause the pin cantilever to slide, yield, or buckle. These
samples only represented a model pillar geometry, and additional work is needed to scale
these geometries to the appropriate size for taper interfaces, perhaps using additive
manufacturing methods.
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PBS was used as the test solution, when in reality the surrounding environment of an
implant would include additional proteins, ions, and other molecules that could have
significant effects on the fretting corrosion behavior of the surfaces, and could change the
contact mechanics with added lubrication or viscosity. Additionally, the fretting motion
applied to the system was unidirectional and neglected the effects of added torsion or
bending moments on the pillars, both of which could be experienced by a taper junction in
vivo. Finally, due to the short-term nature of the variable-load test, it is unclear how such
geometric modifications would perform under long-term fretting corrosion conditions.

3.5 Conclusion
Variable-load, pin-on-disk fretting corrosion testing was performed on
geometrically-modified pins of typical orthopedic implant alloys to determine if fretting
damage can be controlled via design modifications to the compliance at the interface. There
were significant material-dependent differences in the fretting corrosion response of the
materials studied, including differences in the currents, work of fretting and coefficient of
friction that demonstrate a strong effect of alloy couple on the processes of fretting
corrosion. Fretting corrosion maps, presented here, provide new methods of identifying
fretting corrosion behavior with the use of fretting currents and WOF. These results showed
that fretting corrosion boundary conditions can be manipulated using compliance to create
conditions favorable to frictional locking instead of fretting motion, thereby reducing the
extent of damage caused by fretting corrosion. Similar modifications of metal taper
surfaces may be a potential solution to the surface damage associated with MACC
processes in vivo.
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4 Long-term Fretting Corrosion of Compliant Interfaces:
Analyzing the Effects of Contact Geometry
4.1 Introduction
Fretting corrosion is one of the most common forms of mechanically-assisted
crevice corrosion (MACC), and has become a major concern in metallic joint replacement
devices, particularly at modular junctions [63]. This small-scale cyclic abrasion of a metal
surface removes its protective oxide and releases ions into the surrounding electrolyte
solution. The damage associated with MACC is well-documented and has been associated
with implant failure, adverse local tissue reactions (ALTR), and the need for revision
surgery [4], [8], [15], [43], [64], [71]–[73]. While many efforts have focused on preventing
or at least mitigating these effects in such devices, results have been mixed, due in part to
the number of factors involved [29], [39], [46], [66], [74]–[79]. Although the problem
persists, such studies help to create a greater understanding of how materials, design,
biology, and clinical conditions contribute to the success (or failure) of an implant in vivo.
In terms of implant materials and design, methods of reducing fretting corrosion
damage in a modular junction must address one or more of its causes, ideally without
eliminating modularity. Potential solutions would include preventing fluid from entering
the junction, insulating the metal surface(s) against oxide abrasion and corrosion processes,
or preventing micromotion at the interface during loading [32]. While preventing fluid
ingress into a crevice is challenging in a biological environment, Ouellette and Gilbert have
shown significant improvements in fretting corrosion performance in metal-on-metal hip
replacement devices with the use of a compliant, low-modulus, low-hardness insulating
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PEEK layer fitted at the head-neck taper junction [69]. Similarly, micromotion can be
minimized, if not prevented, at the interface with geometric modifications that alter the
contact conditions between surfaces, allowing individual contact points to elastically
deform during fretting instead of sliding. Both approaches reduce the surface damage
caused by fretting corrosion by increasing the compliance of the interface.
Short-term pin-on-disk studies of fretting corrosion performance of geometricallymodified pins with enhanced compliance have shown preliminary success [80], with more
compliant interfaces reducing the surface damage associated with fretting corrosion by
lowering the frictional threshold for sticking contact between fretting surfaces. Having
such an interface in a modular taper junction is hypothesized to improve its ability to
remain locked after initial seating under smaller displacements compared to typical smooth
interface designs. However, these results are limited to a small number of fretting cycles
that lack insight into the design’s performance over time, considering the number of times
a hip implant typically encounters loading during daily activity [81]. A taper with a pattern
of cantilevers meeting perpendicularly to the head bore will minimize the micromotion
associated with cyclic loading by elastically bending, keeping the surfaces locked in place
at points of contact. The purpose of this study is to investigate the long-term
electrochemical and mechanical behavior, stability, and surface damage of the same,
previously studied, compliant Ti-6Al-4V/CoCrMo interfaces over long-term fretting
corrosion conditions.
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4.2 Materials and Methods
A custom in vitro pin-on-disk fretting corrosion test setup was used to test the effects
of load and frequency, followed by long-term performance tests of pin/disk couples made
from Ti6Al4V (ASTM-1472)/CoCrMo (ASTM-1537) alloys. Three pin geometries and
compliances were then tested against standard control pins at room temperature in
phosphate buffered saline solution, pH 7.4 (PBS, Sigma Aldrich, St. Louis, MO, USA) for
one million fretting cycles. The three different geometries give each group a compliance
parameter (c = 1/stiffness) that differs by at least one order of magnitude: low (2 mm wide
x 1 mm tall), medium (1.5 mm wide x 2 mm tall) and high (1 mm wide x 3 mm tall)
compliance. For each set of tests, samples were wet-polished sequentially from 240- to
600-grit carbide paper to create a uniform contact surface roughness. Sample surfaces were
then cleaned with acetone and rinsed with DI water before mounting in the test setup’s
electrochemical cell (n = 3). Before each test, the pin and disk were brought into contact
and the system was allowed to equilibrate for 30 minutes to ensure a stable OCP reading.
A potentiostat (Solartron 1280C Potentiostat/Frequency Response Analyzer, Solartron
Analytical) was used for all electrochemical testing with control and data acquisition
software (Corrware 2.0 for potentiostatic testing and Zplot 2.0 for impedance studies).
Current was recorded continuously during each test using a potentiostatic, three-electrode
system held at 0 mV vs Ag/AgCl, where the electrically-coupled pin and disk acted as the
working electrode, a carbon rod acted as a counter electrode, and Ag/AgCl as the reference.
Mechanical data (pin displacement and normal and tangential forces) were recorded using
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a data acquisition card (NI USB-6210, National Instrument, Austin, TX, USA) and custom
LabVIEW programs (National Instrument, Austin, TX, USA).

4.2.1 Variable-load Frequency Tests
To verify the relationship between frequency, fretting current, and the resulting contact
mechanics of the interface, variable-load frequency tests were first performed on separate
Ti-6Al-4V/CoCrMo pin/disk couples of control (tapered) geometries. The results of the
frequency tests were first used to determine the relationship between frequency and fretting
current, as long-term testing would involve 15 Hz fretting to complete one test within 24
hours.
Results were then used to determine the effects of frequency on fretting regime and
identify what normal load to use during long-term testing. Testing at the load associated
with the greatest fretting current (i.e. greatest amount of surface damage) was hypothesized
to create a more rigorous assessment of each pin’s long-term performance and stability.
However, if the system’s fretting behavior significantly changes with frequency, results at
15 Hz may not be directly comparable to lower frequencies typical of in vivo conditions.
Frequency tests comprised of potentiostatic, variable-load tests at fretting frequencies
of 1, 2.5, 5, 10, and 15 Hz. 100 seconds of cyclic fretting motion (100 µm) was applied
between subsequent 100-second rest periods, under incrementally increasing normal loads
until sticking occurred (0 N to approximately 6-8 N). Mechanical data was collected after
50 s of fretting. Data sampling rates were increased to account for each increase in
frequency.
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From the raw electrochemical and mechanical data, average fretting current and
coefficient of friction (COF) were calculated at each normal load. Shear forcedisplacement fretting loops were made for each normal load by plotting the instantaneous
tangential force versus displacement for a single fretting cycle, and work of fretting (WOF)
was calculated as the area within each fretting loop. Fretting current and WOF were used
to identify the boundaries between fretting regimes. The transition from gross slip to stickslip corresponds with the normal load where fretting current and WOF reached a
maximum, and the transition from stick-slip to stick with their subsequent decline to a
minimum. The compliance of the test system was calculated by taking the reciprocal of the
slope of the elastic portion of the fretting loops.

4.2.2 Long-term (1-million Cycle) Tests
Electrical impedance spectroscopy (EIS) was performed before and after testing to
identify any changes in corrosion resistance of the pin/disk interface. A constant normal
load of 3 N was applied, as determined from frequency testing results, and samples were
potentiostatically held at OCP while superimposing a 10 mV sinusoidal voltage.
Impedance and phase angle were recorded as a frequency sweep of 20 kHz to 0.01 Hz was
applied to the oscillating voltage. After EIS was complete, potentiostatic testing was started
using a fixed potential of 0 V (vs. Ag/AgCl) and the baseline current was allowed to
equilibrate for 300 s. Then fretting motion (100 µm, 15 Hz) was applied for 1 million cycles
(approximately 18.5 hours), with PBS added to the electrochemical cell after roughly 10
hours to account for evaporation. One second of mechanical data was collected every 30
minutes, and electrochemical data was collected at 5 Hz for the duration of the test.
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After 1 million cycles, samples were allowed to stabilize for 30 minutes. EIS was again
performed under the same parameters to measure any electrochemical changes to the
interface. Afterwards the 3 N load was removed, and the pin and disk were removed, rinsed
with DI water, and air-dried. PBS was collected from the electrochemical cell for post-test
analysis.
Average fretting current density, COF, and WOF were calculated at every 27000
fretting cycles, corresponding with every 30 min of testing. EIS results were analyzed using
an equivalent circuit model that best fit the impedance and frequency response measured.

4.2.3 Post-test Analysis
True contact area was measured using digital optical microscopy (DOM, Keyence VK8700, Itasca, IL, US). Scanning electron microscopy with energy dispersive spectroscopy
(SEM/EDS, Hitachi S-3700N, Tokyo, Japan) was used to observe the fretting scars of
samples tested for one million cycles and characterize the composition of wear debris on
pin and disk surfaces. Afterwards, samples were cleaned and sonicated in a 70% ethanol
solution for 10 min and allow to air-dry. Volume abraded was calculated on CoCrMo disks
only with DOM imaging and analysis. This parameter is not reported for Ti-6Al-4V pins
as the presence of polishing marks interfered with volume loss measurements. Low-voltage
SEM was then used with EDS to examine the outer surface layer of debris that remained
embedded onto sample surfaces after cleaning.
Each PBS collection was filtered through a 0.22 µm gridded membrane filter (S-Pak,
Millipore Sigma, Burlington, MA, US) to remove any suspended debris particles. The
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filtered PBS was then analyzed for cobalt (Co), chromium (Cr), and molybdenum (Mo)
concentrations using inductively coupled plasma mass spectrometry (ICP-MS) (ICAP RQ,
ThermoFisher Scientific, Waltham, MA, US).

4.2.4 Statistical Analysis
One-way analyses of variance were used to determine significant differences (p<0.05)
between normal loads associated with stick-slip and stick regimes at each frequency tested,
as well as differences in average fretting currents, volume lost, and ion concentrations
across groups. Post-hoc comparisons were made using Tukey’s method.

4.3 Results
4.3.1 Variable-load Frequency Tests
Fig. 4.1 summarizes variable-load and frequency test results in terms of fretting
currents (Fig. 4.1A), work of fretting (Fig. 4.1B), and coefficient of friction (Fig 4.1C). In
Figure 4.1A, the rise and fall of fretting current with increasing normal load for each
frequency test can be seen as the pin and disk move from sliding to sticking conditions.
Currents initially rise with increasing normal load, but reach a maximum and fall to zero
as sticking dominates. A clear increase in fretting current occurs with increasing frequency
across all normal loads associated with sliding motion, but less dramatic increases can be
seen between 10 and 15 Hz. A similar rise and fall can be seen in average work of fretting
(WOF) as normal load increases (Fig. 4.1B), but WOF does not appear to be frequencydependent. All frequencies show a relatively similar rise in WOF before reaching a
maximum, with more variation present between groups as WOF falls to a minimum under
higher loads. Normal loads associated with peak current and WOF, indicating the boundary
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from slip to stick-slip fretting, were not significantly different among test frequencies. No
significance was found among the normal loads associated with the current and WOF
values indicating the stick-slip to stick transition either. System compliance remained the

Figure 4.1 Variable-load frequency test results.
(A) Average fretting current v. normal load plots
generally increase with frequency. (B)
Similarities in work of fretting (WOF) can be
seen at all frequencies. (C) Average coefficient of
friction (COF) remains relatively constant. (D)
Maximum average fretting current plotted against
frequency shows a logarithmic trend, with a more
gradual increase in current past 10 Hz. (E)
Average fretting current v. WOF shows a linear
relationship, with slope rising with frequency.
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same for each test regardless of frequency (data not shown). While coefficient of friction
(COF) appears more varied under low loads (Fig. 4.1C), it remains relatively constant
(approximately 0.3) as both load and frequency increase. Fig. 4.1D shows the relationship
between the maximum average fretting current and frequency. Fretting current rises in a
logarithmic fashion, with increases in fretting current becoming very small from 10 to 15
Hz (as evident in Fig. 4.1A). Graphs of average fretting current v. average WOF in Fig.
4.1E show a linear relationship for all tests, with slopes that increase with frequency.

4.3.2 Long-term (1-million Cycle) Tests
Fig. 4.2 shows fretting current and WOF results from 1-million fretting cycle tests.
Average fretting currents in Fig. 4.2A show only the first 5 x 105 cycles of fretting, as all
currents dropped to baseline values after approximately 4 x 105 cycles. In all groups except
high compliance, currents are initially high and gradually decline to baseline. The high
compliance group has a low but slightly elevated current during the first 2.7 x 10 4 cycles
(30 min), and minimal fretting currents over the remaining test period. One high
compliance sample had a spike in fretting current after about 2.1 x 105 cycles, which
remained elevated (but decreasing) for about 8.1 x 105 cycles (90 min). Samples within
groups had highly variable fretting currents. Fig. 4.2B summarizes average fretting currents
for the first and last hour of fretting, and as an overall average. The high compliance group
had significantly lower first hour currents compared to the other groups. Graphs of WOF
v. fretting cycle in Fig. 4.2C mimic current plots in 4.2A, highlighting the same trends in
behavior. Graphs of average fretting current v. WOF of each group in Fig. 4.2D show a
slope consistent with frequency tests (see Fig. 4.1E), but with less than half the maximum
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WOF and current values. Control groups tend to aggregate on the upper right end of the
curve, having the greatest WOF and fretting currents, followed by low and medium groups.
The high compliance data sits closest to the origin.
In Fig. 4.3A, fretting loops of a representative medium compliance group show the
progression from a slip to stick fretting corrosion regime. The greatest displacement during
sliding occurs at the beginning of testing and gradually decreases, stabilizing at 1.6 x 105
cycles to a relatively consistent tangential force and displacement. Sticking occurs after

Figure 4.2 Long-term test results. (A) Average fretting current v. fretting cycle for the first 5 x105 cycles
shows decreasing currents in all but the high compliance group. (B) Average fretting currents during the first
hour, last hour, and overall show significantly lower currents in the high compliance group. (C) Average
WOF v. fretting cycle for the first 1x105 fretting cycles shows trends that are similar to A. (D) Average
fretting current v. WOF shows a linear trend in all groups.
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5x105 cycles and the system remains in this state for the rest of the test. Fretting loops of a
high compliance sample in Fig. 4.3B show sticking at the start of testing, with a brief
transition to slip from cycle 2.1 x 105 to 3.2 x 105. Its higher compliance is visible as a
decrease in slope of the elastic portion of the curves compared to Fig. 4.3A. This slope was
measured and plotted in Fig. 4.3C, which shows relatively constant compliances for all
groups over time.

Figure 4.3 Representative fretting loops of (A) a
medium compliance group and (B) a high
compliance group during a single test. In A,
sliding occurs at the start of testing, decreasing in
displacement slightly by 1.6x105 cycles until
sticking at 5x105 cycles. The high compliance
sample in B sticks for most of the test. In (C)
system compliance was calculated and graphed as
a function of fretting cycle. Significant
differences can be seen in the high compliance
group.

4.3.3 Post-test Analysis
Typical control pin and disk fretting scars can be seen in the DOM images in Fig.
4.4A. Vertical scratches (perpendicular to polishing marks) indicate the direction of
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fretting. The pin shows a darker, central region with the most severe damage, surrounded
by lighter scratches. The pin’s original polishing marks are still visible within the fretted
area. Some debris is visible on the outer edge of the pin. The disk (right) shows a central
region with similar looking damage, but unlike the pin, the majority of the contact area has
been plastically deformed. Polishing marks can only be seen outside the contact region.
Fretting corrosion debris surrounds the entire area, as does an iridescent ‘halo’ on the
perimeter. Backscatter SEM images in Fig. 4.4B show dark areas of oxide primarily in the
outer ring of debris. EDS maps of the pin’s fretting scars in Fig. 4.5A show the debris in
and around the contact area to be composed of Ti, O, P, Na, Cr, and Mo. Co-based debris
exists only on the outer perimeter of the pin surface. The debris on the disk surface (Fig.
4.5B) contains the same compounds, with slightly less Cr concentrations in the areas

Figure 4.4 (A) Representative DOM images of a control pin and disk after testing. A central fretted area
can be seen in the pin (left) center surrounded by an annular ring of light scratches. The disk (right) is
plastically deformed in the entire region of contact, surrounded by debris and an iridescent halo. (B)
Backscatter SEM images of the surfaces in (A) show dark patches in and surrounding the fretted areas
indicating oxide debris.

containing the most debris particles. Co is depleted in these areas as well. Washing and
sonicating samples removed some, but not all debris, nor did it remove the halo on the disk.
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Low compliance couples showed similar fretting scars and debris accumulation,
although debris and halos appear to mimic the square shape of the pin contact geometry
(Fig. 4.6A). That is, the debris and halo accumulated at the crevice-external solution
junction. Backscatter SEM images show an area of the halo (circled in red) under 8 kV in
Fig. 4.6B and 15 kV in Fig. 4.6C. The lower kV analysis interacts more with the surface
region while the 15 kV condition penetrates more deeply into the alloy and providing a
more bulk estimate of the alloy chemistry. A comparison of EDS spectra in Fig. 4.6D at

Figure 4.5 EDS maps of (A) control pin and (B) disk from Fig. 4.4 show the composition of the sample
surfaces. Debris in and around the pin contact area are primarily made up of Ti, O, P, Na, Cr, and small
amounts of Mo. Co exists on the perimeter only. EDS maps of the disk area in Fig. 4 show debris mainly
composed of O, P, Na, Ti, and small amounts of Cr and Mo. Co is depleted in areas containing the most
debris.
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points 1, 2, and 3 on the backscatter images show differences in weight percent
compositions of each of the elements detected. At point 1, the 4.8 kV spectrum shows equal
or higher ratios of all elements except cobalt compared to 15 kV, which is the main
component of the underlying alloy and oxide debris. At point 2, 8 kV shows larger
percentages of cobalt, oxygen and phosphorous, and at point 3 low-volt,age EDS shows
larger percentages of only cobalt.
The high compliance couple that showed elevated currents and WOF (see Fig. 4.2)
partway through testing is shown in Fig. 4.7A. Fretting scars show evidence of stick and
slip conditions similar to controls, but have a smaller contact area. The disk appears to have
markings from the pin polishing scars imprinted onto its surface at the top edge of its
contact area. Backscatter SEM images in Fig. 4.7B show darker oxide debris present in the
center of the fretting scar of both the pin (left) and disk (right), at the regions containing
the most severe surface damage (circled in Fig. 4.7A). Debris in the center of the pin
surface show oxide smeared vertically (in the direction of fretting). Unlike the pin, the disk
appears to be plastically deformed in the direction of normal loading, rather than in the
fretting direction, where debris has been embedded into its surface. Dark areas indicate
oxide is present in some of the areas that are similar in shape and size as the plastic
deformation around it. Fretting scars were observed on the CoCrMo disk around this
central area (arrow, Fig. 4.7B). EDS analyses of debris on both the pin and disk contact
areas showed O, Co, Cr, Mo, Ti, P, Na, and Cl peaks (not shown). Fig. 4.8A shows
backscatter SEM images of high compliance pins and disks that showed minimal fretting
currents and micromotion during testing. Some fretting marks are visible on both samples,
60

indicating that some sliding movement occurred, although the contact area is significantly
smaller than samples in other groups. The disk (left) appears to have the pin’s polishing
marks imprinted onto its contact area, indicated by the horizontal striations that run
perpendicular to the fretting marks. While there is comparatively less debris on the
surfaces, more debris appeared to remain on the pin rather than the disk, unlike most other
groups. The backscatter image in Fig. 4.8B of the central fretted area of the pin (circled in
red in Fig. 4.8A) shows surface cracks and local surface plastic deformation, indicated by
red arrows.
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Figure 4.6 (A) DOM image of a disk tested with a low compliance pin, showing a halo and debris
surrounding the contact area. (B) A backscatter SEM image of the halo (circled in A) under 8 kV shows more
detail in the outermost surface than (C) the same area at 15 kV. (D) EDS weight percentages of the three
points labeled in B and C highlight the differences between high and low kV.

Fig. 4.9 shows relationships between the mechanical and electrochemical fretting
corrosion processes, which are all independent of compliance group. Volume abraded and
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ion dissolution concentrations in Fig. 4.9A-B both show linear increases with WOF. Cobalt
ions were highest in solutions after tests compared to chromium and molybdenum (Fig.

Figure 4.7 (A) DOM images of high compliance samples, showing a similar stick-slip region in the pin (left)
but less debris on the disk surface (right) compared to Fig. 4.4. (B) Backscatter SEM image of the pin (left)
shows debris smeared across the center of the contact area vertically. In the most damaged area of the disk
(right, circled in A), its surface is plastically deformed by dark oxide debris. Arrow indicates fretting scars
around this deformed area.

4.9B). Volume loss and WOF in Fig. 4.9C both increase in proportion to the total average
fretting current.
EIS results in Fig. 4.10 show the impedance responses (Z) of a typical control group
before and after testing, which were then fitted to equivalent circuits to determine each
interface’s resistive and capacitive properties. The Bode plots for both tests in Fig. 4.10A
show impedances that are initially high at low frequencies, but decrease linearly until about
103 Hz, where the curve bends and shows a more stable response at high frequencies. The
low-frequency impedance can be used to extrapolate the interface’s oxide resistance (Rox),
and the high-frequency impedance the resistance of the surrounding solution (Rs) [82]. The
‘after’ response shows slightly lower values at most frequencies, indicating a decrease in
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the interface’s resistive behavior. The phase angle plots in Fig. 4.10B show additional
differences between the tests. First, the ‘after’ phase angle is shifted towards lower
frequencies, indicating a higher oxide capacitance, Qox. Second, it contains an additional,
smaller peak at about 1000 Hz. This is often observed when measuring crevice geometries,
and may indicate the presence of a nonmetal coating at the interface, including fretting
corrosion debris. To quantify these resistive and capacitive differences, each interface was
fitted to an equivalent circuit, shown in Fig. 4.10C. The ‘before’ data was fitted to a CPERandall’s circuit, which is often used to represent the properties of the oxide and

Figure 4.8 Backscatter SEM image (A, left) of another high compliance pin shows a smaller contact area
and less oxide debris compared to Fig. 4.7. Some fretting marks are present. The disk surface (right) has less
debris than the pin. (B) The backscatter image of the center of the pin (circled in A) shows stress cracks in
its most damaged area.

surrounding solution. The ‘after’ response was better fitted to a defected coating model,
which contains additional components (Rcoat, Qcoat).
The calculated Rox and Qox parameters for all groups after one million fretting
cycles are plotted in Fig. 4.11A, showing an inverse relationship. This results from a shift
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in the Bode plot towards lower frequencies when Qox increases, which decreases the lowfrequency impedance. In Fig. 4.11B, Rox is plotted against the average WOF of each test,

Figure 4.9 (A) Disk volume abraded increases
linearly with WOF, as do (B) Co, Cr, and Mo ion
concentrations in PBS. Co concentrations were
highest, followed by Cr and Mo. (C) Both volume
abraded and WOF are proportional to the average
overall fretting currents measured during each test.
All graphs show behavior that is independent of
compliance group.

showing a direct inverse relationship (as the amount of surface damage increases, the oxide
resistance goes down). Rcoat also decreases with WOF (Fig. 4.11C), but follows a power
law relationship, declining rapidly by about 10-4 N٠µm.

4.4 Discussion
Previous studies of compliant interfaces have shown successfully reduced metal surface
degradation during simulated tribocorrosion conditions [32], [80]. This study of long-term
fretting corrosion performance was done to determine the viability of such a design as it
relates to modular taper junction applications. Increased interfacial compliance kept
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surfaces stable and locked in place but surfaces were not without damage. The cracks
observed in high compliance pin surfaces, while not unexpected during fretting, indicate
that the surface experienced more than minor deformation within one million cycles, even

Figure 4.10 EIS results of a representative control group before and after testing. (A) Bode plots show similar
ranges of impedances at low and high frequencies, although ‘after’ impedances are slightly lower. (B) Phase
angle plots show a ‘before’ response typical of a CPE-Randall’s circuit, while a small, local maximum in the
‘after’ curve is visible at about 103 Hz, described by a defected coating model. (C) Shows equivalent circuit
models, which were used to determine the resistive and capacitive properties of the interface.

in a predominately stick fretting regime. Volume loss, ion dissolution, and electrochemical
properties of the interface all corresponded with the average WOF, and had little
dependence on compliance.
The pin geometries tested here are highly idealized and not representative of any
tapers currently on the market. Research relating surface finish to corrosion performance,
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however, remains inconclusive and difficult to decouple from other parameters [50], [83],
[84]. Most tapers today, while widely variable, consist of some type of machining marks
or threading, usually within ~20 µm thread height [53]. Although the cantilever-like

Figure 4.11 (A) Rox v. Qox shows an inverse
relationship between oxide resistance and
capacitance after fretting corrosion tests. (B)
Rox plotted against average WOF shows a
linear decrease in resistance as WOF increases.
(C) Rcoat also decreases with increasing WOF,
but follows a power law relationship. All
relationships are independent of pin group.

asperities presented here are simplified for testing purposes, similar asperities could be
used on a taper as a pattern and scaled accordingly to the typical stresses and displacements
experienced at the junction.
Frequency test results showed a relationship between fretting current and fretting
frequency that became nonlinear after about 5 Hz. This behavior is in agreement with
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previous studies that also describe a decrease in RMS current as frequency increases [85].
Both effects result from the rate of abrasion exceeding the rate of oxide repassivation,
which prevents the fretting current from fully recovering before subsequent abrasion. Since
no significant differences between frequency and fretting regime were found, the contact
conditions observed during long-term testing at 15 Hz can be reasonably assumed to be the
same at low frequencies. Because there was no noticeable effect of frequency on system
compliance, any differences observed between groups during long-term testing could be
attributed solely to differences in pin geometry.
In vitro test methods with similar orthopedic alloys have been used extensively in
the literature to study tribocorrosion and degradation mechanisms. Relatively few,
however, consist of testing more than a few thousand fretting cycles. Even fewer include
electrochemical test methods to quantify corrosion processes. A comparison of Ti-6Al4V/CoCrMo fretting corrosion in PBS and serum for 450,000 fretting cycles showed that
in the presence of organic species, a tribofilm forms at the interface [86]. This protective
layer is composed of proteins and oxides which prevent further degradation and ion release
through ‘wear-induced passivity.’ Bryant et al. and others have confirmed such films as
being mainly composed of chromium oxides, with the majority of metal ions released being
cobalt [87].
These reports suggest that the amounts of corrosion debris and surface damage
observed in this study are likely to be greater than what would occur in vivo with the
passivating effects of organic molecules. While similar mixed oxide layers were found on
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both Ti-6Al-4V and CoCrMo surfaces, a consistent decline in WOF partway through one
million cycles suggests that the buildup of debris in and around the samples prevented
further repassivation currents rather than a tribofilm. EDS debris characterization and ICPMS results confirmed that Cr2O3 is the main component of the disk oxide, and that cobalt
species exist primarily in solution. These results are consistent with clinical studies of
patients with metal-on-metal hip bearings, showing predominately Cr ions in the joint
space, but 2-3 times more Co in blood [88]–[90]. Elevated Co/Cr ion ratios in patient serum
after hip arthroplasty procedures have been associated with high surface wear and implant
loosening [4], [7], [91].
Other studies have focused on the mechanisms behind the types of surface damage
observed in modular junctions. In a retrieval analysis of head/neck tapers, higher rates of
degradation of the CoCrMo femoral head were observed compared to its titanium
counterpart, including subsurface strain-induced alloying processes which increase the
interfacial hardness [92]. Another study noted mainly plastic deformation and mixed oxide
transfer on both CoCrMo and Ti-6Al-4V components [93]. Similar results were found on
the alloy surfaces described here. The greatest amounts of plastic deformation occurred not
on the Ti-6Al-4V alloy, but on the harder CoCrMo surface. Even though a relatively low
normal load was used during fretting, CoCrMo deformation indicates that the stresses at
the interface exceeded the hardness of the alloy. A similar ‘mechanical alloying’ process
could explain this, but would likely include surface processes as well as subsurface.
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In this work, all Ti-6Al-4V surfaces showed less deformation, regardless of pin
geometry. Polishing marks were observed on the pins within the contact area and were
imprinted onto disk surfaces (see Fig. 4.7). This may have been caused by the mixed oxide
debris embedding into the softer Ti-6Al-4V pin surface via adhesive wear, which acted as
a protective coating to the pin and prevented further asperity-asperity contact between the
samples. The resulting fretting corrosion behavior would likely reflect the oxide
debris/CoCrMo interface, rather than the Ti-6Al-4V pin/CoCrMo interface. This could
explain previous observations of Ti-6Al-4V/CoCrMo interfaces showing mechanical and
electrochemical responses similar to CoCrMo/CoCrMo interfaces during variable-load
fretting corrosion tests [30], [80].
Halo formations like those shown in Fig. 4.6 have been observed in implant
retrievals and in vitro studies of the same alloys and numerous test solutions [94]–[97]. The
location of the halo around the contact area and debris suggests that it may have been
deposited according to an ionic or electrical concentration gradient. This is supported by
the EDS results in Fig. 4.6D. Co, Cr, Mo, P, and O weight percentages on the surface
decrease as the sampling location moves from a blue-green color to purple to bare metal
(points 1, 2, and 3, respectively, in Fig. 6B-C).
The differences in fretting current and WOF in high compliance pins compared to
low, medium, and control groups can be seen in terms of system compliance (see Fig. 4.3).
This confirms previous results showing insignificant differences between low and medium
compliance fretting regime boundaries [80]. It is likely that a compliance threshold exists
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for noticeable improvements to be seen in fretting corrosion performance. The surface
abrasion that occurred partway through testing for one high compliance couple implies that
its ability to maintain a stick regime may not be stable under continuous fretting conditions.
The presence of third-body oxide debris in the central area of contact may have allowed
the pin and disk to temporarily ‘unstick’ before frictional forces once again locked them in
place. Similar conditions in vivo may also give rise to different types of degradation, due
to local stresses and contact conditions that are continuously changing. The surface cracks
on high compliant pins suggest that even a stick fretting corrosion regime leaves surfaces
vulnerable to degradation over time, and that some slip may be unavoidable. This is
particularly important in an implant crevice environment that is subjected to varying loads,
displacements, and frequencies, which will increase the likelihood of some sliding motion
occurring wherever there is metal-metal contact. Any methods addressing this limitation
should incorporate some means of protecting one or both surfaces from abrasion. Ideally
this would create a more even distribution of the variations in local contact stresses and
displacements.
Most of the results proved to be more dependent on the energy dissipated during
fretting than interfacial compliance. Volume loss, ion concentrations, and fretting current
were all directly related to WOF, highlighting the connections between the electrochemical
and mechanical processes at the interface (see Fig. 4.9). This was also shown in the decline
in Rox and Rcoat as WOF increased in Fig. 4.11. Rox values are biased towards the impedance
of the most damaged regions of the surface, since local areas of low impedance will have
the greatest impact on the overall |Z| [82]. A lower oxide resistance, then, can represent the
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degree of surface damage at the interface (Fig. 4.11B), and could be caused by changes in
oxide thickness, area, or composition. Since Rcoat is used in a defected coating model, one
might infer that it describes the properties of the fretting corrosion debris. However, the
use of the model in this work represents the entire pin/disk crevice environment. The
crevice area, geometry, and local solution chemistry can all impact the behavior of Rcoat in
addition to debris. Despite these nuances, these results show EIS’s potential as a unique in
situ surface characterization method that causes no disruption to the samples or test
conditions.
The main limitation of this study lies with the nature of the in vitro fretting
corrosion test system. While the fundamental contact mechanics and electrochemical
response of a fretting interface can be measured and explored in detail, it is done so under
simplified conditions that may not be representative of the complex and variable processes
occurring in vivo. Device testing is often performed at high frequencies as were the tests
described here, but the reality of modular hip implant loading during day-to-day life is
discontinuous, relatively low-frequency, and occurs over many years [28]. Even so, in vitro
pin-on-disk testing provides insight into the behavior of such materials and designs in a
low-risk, low-cost manner.

4.5 Conclusion
This study focused on 1-million cycle pin-on-disk testing of different contact geometries
to determine the effect of interfacial compliance as a design approach for Ti-6Al4V/CoCrMo modular taper junctions. Minimal fretting currents, sliding motion, and debris
were found on highly compliant pin geometries, illustrating the benefits of more compliant
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interfaces as a means of increasing the fretting corrosion resistance of hard-on-hard
surfaces. Electrochemical properties of the interfaces were used to understand the materials
and mechanical factors affecting fretting corrosion processes. The high variation present
in some groups, along with the presence of corrosion debris on high compliance couples,
suggests that surface abrasion may not be totally eliminated in long-term, high damage
conditions. The use of an insulating layer between metal-metal interfaces may be more
effective at preventing metal degradation.
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5 Long-term Fretting Corrosion of Compliant Interfaces:
Analyzing the Effects of SRC-PEEK Thin Films
5.1 Introduction
Titanium and cobalt-chromium alloys have been used in modular joint replacement
devices for over 40 years, mainly due to their mechanical properties, corrosion resistance,
and biocompatibility [98]–[101]. Modularity itself has brought a number of advantages to
these implants, including better material optimization, safer revisions, and the ability to
choose components that best fit the individual patient. However, the increased use of
modular components over time has brought additional clinical complications such as
elevated blood ion levels, pseudotumor formation, and aseptic implant loosening [64],
[102], [103]. These negative responses have since been linked to fretting corrosion and
other types of mechanically-assisted crevice corrosion (MACC) processes occurring at
metal-metal modular junctions [15], [71], [104], [105]. Direct evidence of fretting
corrosion damage to modular junctions in vivo has been observed in hip implant retrieval
studies, and a growing body of research links cyclic loading of head-neck tapers to surface
abrasion, metal degradation, and the generation of corrosion byproducts at the junction
interface [16], [17], [19], [20], [106].
Many studies utilizing design-based solutions to MACC involve hard coatings and
materials which provide increased wear resistance of one or both surfaces [107], [108].
While somewhat successful, this approach does little to address the fundamental causes of
MACC and has not eliminated metal corrosion damage altogether. Fewer efforts have
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focused on addressing the crevice geometry of the junction itself to limit the metal-metal
contact and fluid ingress that are prerequisite for tribocorrosive processes.
Previous work on self-reinforced polymer composites suggests that softer, more
compliant junction interfaces are a more promising approach [109]–[111]. Thin polymer
films with adequate strength, frictional properties, and wear resistance can redistribute the
micromotion and high local stresses encountered during cyclic loading without failure, and
act as a physical barrier between metal-hard surfaces (Fig. 5.1) [112]–[114]. A selfreinforced composite made of PEEK (SRC-PEEK), produced from hot-compacted fibers,
was shown to have a higher modulus, strength, and yield stress than its neat counterpart,
due to an increase in crystallinity and crystal orientation [32], [69]. Short-term, in vitro
fretting corrosion testing showed preliminary success without material failure, and
incremental cyclic fretting corrosion (ICFC) tests using the thin film as an interfacial taper
gasket protected the interface against significant MACC damage over short- and long-term
conditions [44]. While understanding the long-term performance of SRC-PEEK in a device
design is more relevant to the typical service life of an implant, the nature of ICFC and
long-term testing make it difficult to observe the contact mechanics of the interface. Pinon-disk testing allows for a characterization of the instantaneous forces, displacements, and
fretting currents, albeit in a simplified environment [30]. The ability to control the load and
applied fretting motion in a pin-on-disk test allows for a more rigorous assessment of SRCPEEK’s wear resistance and may give insight as to its risk of failure. Doing so may
elucidate potential pitfalls in its use as an interfacial modular component.
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Therefore, the purpose of this study is to determine the stability and fretting
corrosion performance of SRC-PEEK thin films layered between Ti-6Al-4V and CoCrMo
alloys using long-term pin-on-disk testing. Using a normal force and applied fretting
displacement shown in preliminary tests to produce maximal surface damage in Ti-6Al4V/CoCrMo couples, SRC-PEEK films will be tested against metal-metal controls for one
million fretting cycles, with particular attention to any tribocorrosion debris production or
failure of the thin film itself.

Figure 5.1 (A) Schematic of sliding motion between metal surfaces under a normal load, FN, abrading the
oxides wherever there is asperity-asperity contact. (B) By incorporating a soft, compliant polymer layer
between surfaces, elastic tension and compression of the material itself can account for the forces experienced
at the interface and prevent oxide abrasion.

5.2 Materials and Methods
Test samples included conical tapered Ti-6Al-4V (ASTM-F1472) pins with a flat
bottom and disks made of CoCrMo (ASTM-F1537). Circular SRC-PEEK thin films,
having a diameter of about 3.2 mm and thickness of approximately 110 µm, were hole-
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punched out of thin films, described elsewhere [32]. Pin and disk surfaces were wetpolished with sequentially higher-grit carbide papers to 600 grit finish, (Ra) < 50 nm. An
acrylic coating was used to isolate the samples’ contact areas to only expose a small (6 mm
diameter) area to the surrounding electrochemical environment during testing. Metal
contact areas were first cleaned with acetone to remove any acrylic from the exposed areas,
and all sample surfaces (including thin films) were cleaned with DI water, allowed to airdry, and imaged using digital optical microscopy (Keyence VK-8700, Itasca, IL, US). Each
thin film’s mass was measured in triplicate and averaged. Control tests included the same
pin and disk materials directly in contact without thin films. Three separate pins, disks, and
thin films were used in each replicate test for both groups (n=3).
Samples were set up in a custom in vitro test system that has been described
previously [30]. Thin films were interposed between pins and disks with their fibers aligned
in the direction of fretting motion, such that any currents measured would be due to pindisk contact resulting from the thin film’s yielding or rupture. A three-electrode system
connected to a potentiostat was used to make current measurements in the electrochemical
cell, with an Ag/AgCl reference electrode, a carbon counter electrode, and the electrically
coupled pin and disk acting as the working electrode. Phosphate buffered saline solution
(PBS, Sigma Aldrich, St. Louis, MO, USA) was then added to the electrochemical cell,
and the system was allowed to equilibrate for 30 min. At the same time, PBS was added to
a separate electrochemical cell with separate thin films, pins, and disks, to create a control
soak for the thin films in the absence of fretting.
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After 30 minutes, the OCP of the setup was measured, and 1-million cycle
potentiostatic tests were started using a voltage of 0 V (vs. reference). After the current
stabilized (approx. 300 s into testing), fretting motion with an amplitude of 100 µm was
applied at 15 Hz for a total of one million cycles, or approximately 18.6 hours. The
electrochemical cell and control soak were replenished with PBS after 10 hours to account
for the volume lost due to evaporation. Current was recorded continuously during each test
at a sampling rate of 5 Hz, and 1 s of force and displacement data was recorded every 30
min at a sampling rate of 1000 Hz, corresponding with every 2.7 x 104 fretting cycles.
After one million cycles, the system was again allowed to equilibrate for 30 min
and the 3 N weight was removed. Samples were taken out of the test setup, rinsed with DI
water, and air-dried. Control soak samples were removed from their electrochemical cell
as well and cleaned in the same manner. PBS from both the control soak and
electrochemical cell was collected and filtered through a 0.22 µm gridded membrane filter
(S-Pak, Millipore Sigma, Burlington, MA, USA) to remove any suspended debris particles.
Inductively coupled plasma mass spectrometry (ICP-MS) (ICAP RQ, ThermoFisher
Scientific, Waltham, MA, USA) was used to analyze PBS samples for cobalt (Co),
chromium (Cr), and molybdenum (Mo) ion concentrations. Membrane filters from SRCPEEK tests were analyzed for characteristic PEEK fingerprint peaks using Fourier
transform infrared spectroscopy (FTIR) (ALPHA II, Bruker, Billerica, MA, USA).
After 24 hours of drying, the mass of each SRC-PEEK sample was measured again.
Optical microscopy was used to image and measure the contact areas of pins, disks, and
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thin films. Scanning electron microscopy with energy dispersive spectroscopy (SEM/EDS,
Hitachi S-3700N, Tokyo, Japan) was used to image the samples’ fretted areas and
characterize any surface debris. PEEK thin films were sputtered with gold prior to
SEM/EDS analysis. Particular attention was given to the presence of any PEEK debris
particles on pins or disks and any damage or wear to the thin films themselves.
One-way analyses of variance were used to identify significant differences between
fretting currents, contact areas, and PBS ion concentrations using a critical p-value of 0.05.
Post-hoc comparisons were made using Bonferroni-corrected student t-tests.

5.3 Results
Plots of average fretting current versus fretting cycle for both test groups can be seen in
Fig. 5.2A. Tests with SRC-PEEK show slightly higher fretting currents at the start of
testing, but remain close to zero thereafter. Elevated currents are visible in controls until
about 2.1 x 105 cycles, after which the current drops to baseline levels for the remainder of
testing. Measurements after 5 x 105 are excluded since sticking had occurred in the control
samples, and no significant changes in current were visible in either group during the
second half of testing. Fig. 5.2B summarizes the average fretting currents over the first
hour of testing (approx. 5.4 x 104 cycles), the last hour of testing, and as an overall average.
Controls had significantly higher fretting currents during the first hour and overall,
compared to tests with PEEK.
Raw current data from the first 15 min of fretting (Fig. 5.3) highlights the
differences between the two groups’ fretting currents at the start of testing. The initial onset
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of fretting corrosion in a representative PEEK test can be seen in Fig. 5.3A, showing a
small, slightly discontinuous rise in current that decreases slowly back down to baseline
after about 300 s. In contrast, the control group in Fig. 5.3B shows a rise in current that is
almost 7 times larger than PEEK’s. Fretting currents remain high throughout the first 15
min of fretting.

Figure 5.2 (A) Average fretting current v. fretting cycle for the first 5 x 10 5 cycles of testing. Elevated
currents are present in controls until ~2.1 x 105 cycles, whereas groups with SRC-PEEK thin films sat at
baseline levels soon after the start of testing. (B) Average fretting currents during the first hour of testing,
last hour, and overall show additional differences between groups.

Representative tangential force v. displacement data in Fig. 5.4 show a series of
individual fretting loops plotted against number of fretting cycles. The PEEK test (Fig.
5.4A) shows continuous sliding motion with little variation as fretting progresses, shown
by the similar displacements and forces in all fretting loops. The control group in Fig. 5.4B
is sliding at the start of testing but starts to stick by 4 x 105 cycles (approx. 7.4 hrs). The
first fretting loops of the graphs in A and B are shown in Fig. 5.4C and 5.4D, respectively.
The SRC-PEEK fretting loop (Fig. 5.4C) has a slightly higher tangential force at either end
of the pin’s sliding movement, which is particularly noticeable when the pin begins to slide

79

again after changing direction. The slope of the elastic portion of the loop is approximately
one-third of the control’s in Fig. 5.4D (shown by red lines), and represents the stiffness, k,
of the interface (1/compliance). Average work of fretting cycle (WOF) is shown in Fig.
5.4E, which quantifies the mechanical energy dissipated in each fretting loop over time.
The drop in WOF in the control group corresponds with the minimal displacement in the
later fretting loops (Fig. 5.4B), as the samples transition from a slip to stick fretting
corrosion regime.

Figure 5.3 Representative current v. time plots showing the first 15 minutes of fretting for (A) a sample
tested with SRC-PEEK, and (B) a control group. Fretting begins at ~120 s. PEEK tests did have slight
currents at the start of fretting, which diminished back to baseline after approx. 5 min. Controls showed
higher currents that remain elevated past the time period shown.

Fretted areas of a pin and disk sample tested with PEEK can be seen in Fig. 5.5.
Backscatter SEM images in Fig. 5.5A have dark areas indicating oxide debris in and around
the region of contact. The pin’s most damaged region can be seen in the far-right image,
showing cracked oxide but no visible surface cracks on the bulk metal. Secondary electron
SEM images of the disk and pin in Fig. 5.5B and their corresponding EDS maps in Fig.
5.5C show carbon-based particles in and around contact areas. Aluminum-based particles
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are also embedded onto fretting scars on the disk surface. Similar debris particles were
found on most pin surfaces tested with thin films, such as the one shown in Fig. 5.6, and
are composed of oxygen and carbon. The particle’s shape suggests it has been sheared
vertically in the direction of fretting.

Figure 5.4 Fretting loops plotted every 1 x 105
fretting cycles, for (A) a test with SRC-PEEK and (B)
controls. (C, D) Show fretting loops of the first cycles
in A and B, respectively. Slopes of the elastic portion
of the loops (red lines) represent the stiffness of the
interface, k (1/compliance). (E) Average work of
fretting (WOF) v. fretting cycle for the first 5 x 10 5
fretting cycles is relatively stable in tests with SRCPEEK, but fell to a minimum after about 2.1 x 10 5
cycles in controls.
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Representative SEM images of the SRC-PEEK thin film contact area can be seen
in Fig. 5.7. Although no changes in thin film mass were measured after fretting, debris
particles and surface damage can be seen on its surface, particularly on the side contacting
the pin (Fig. 5.7A). Damage shows vertical shearing (i.e., fracturing) in the direction of
fretting, as well as perpendicularly, in the same orientation as the pin’s polishing marks.
This damage reveals the underlying molecular orientation of the SRC-PEEK material.
SEM images of the side of the film contacting the disk in Fig. 5.7B show a smoother,

Figure 5.5 (A) Backscatter SEM images of disk and pin
contact areas after tests with SRC-PEEK. Dark areas show
corrosion debris. The pin’s most damaged area (right) shows
cracked oxide but no severe metal damage. (B) Secondary
electron SEM images and corresponding EDS maps (C)
show small carbon particles around both contact areas and
aluminum-based particles embedded into the disk’s fretting
scars.
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smaller fretted area, with less wear but similar SRC-PEEK damage processes. EDS maps
of the area outlined in red show the composition of an embedded alumina particle.
SEM images of a typical metal-on-metal control pin and disk in Fig. 5.8 show much
more debris and plastic deformation on both surfaces compared to those tested with PEEK.
EDS analyses of the regions in Fig. 5.8B show mostly oxygen, titanium, chromium,
phosphorous, and sodium debris surrounding the fretting scars (Fig. 5.8C). Evidence of Cr
and O are visible on the pin (right), which are likely chromium oxide transfer particles
from the disk (left). Unlike PEEK groups, a number of surface cracks were observed on

Figure 5.6 Backscatter SEM images of a pin and a debris particle on its surface (outside of the contact region)
after testing with SRC-PEEK. EDS mapping shows its composition to be mainly carbon and oxygen.

control pins (not shown). The differences between both groups’ average contact areas can
be seen in Fig. 5.9, showing significantly larger areas in tests with PEEK compared to
controls.
Before further analysis, PBS solutions that were collected after testing were filtered
to capture any suspended debris, and analyzed for the presence of PEEK particles using
FTIR. These spectra were compared to those of clean, unused filter paper and untested
SRC-PEEK thin films in Fig. 5.10. A spectrum similar to the clean filter paper in Fig.
5.10A can be seen in the one used to filter a PEEK test solution in Fig. 5.10C, such as the
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peak at 1058 cm-2 showing -C-O-C stretching. The absence of peeks associated with
PEEK’s characteristic fingerprint (1000-1700 cm-1, Fig. 5.10B) in 5.10C suggest that there
are no detectable amounts of PEEK.
Differences in ion concentrations of filtered PBS samples after testing show the
greatest concentrations of Co, Cr, and Mo in control tests, followed by PEEK and the
control soak (Fig. 5.11).

Figure 5.7 (A) Secondary electron SEM images of SRC-PEEK on its pin-contacting surface. Wear and some
debris are visible. (B) Images of the disk-contacting side show a smaller, smoother contact area. (C) EDS
maps of the area outlined in red in B show an embedded alumina particle.

5.4 Discussion
This study showed that the presence of a SRC-PEEK gasket material, interposed
between CoCrMo and Ti-6Al-4V surfaces, can significantly reduce the fretting corrosion
behavior of the interface. Damage due to fretting of PEEK against these alloys was present
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but minimal, and the early period fretting corrosion signals that were measured rapidly
diminished. The overall currents and ion levels measured were much lower when PEEK
was placed between alloys.
A major goal of long-term testing under high-damage conditions was to
characterize any resulting damage, failure, and/or wear particles produced by the thin film.

Figure 5.8 (A, B) Representative backscatter SEM images of a control disk (left) and pin (right). Dark areas
show corrosion debris. (C) EDS maps of the images in B show the surface composition in and around the
fretted areas. Both samples have debris in and around fretted areas, composed of mainly Ti, Cr, O, P, Na,
and some Mo.

While PEEK wear particles are not known to be toxic, polymeric debris produced in some
orthopedic implants can be detrimental to the surrounding tissue and increase the risk of
implant failure [115], [116]. Most of these effects are limited to UHMWPE particles in the
0.1-1 µm range, which have been linked to immune cell activation and localized osteolysis
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[117], [118]. However, in this study, no particles were found in solution, no measurable
changes in thin film mass were observed, and only a limited number of PEEK transfer
particles were seen on metal surfaces. This suggests that any polymeric debris produced
would be minimal, though the particles found outside the pin contact area (see Fig. 5.6)
may suggest the risk of particle migration outside the taper crevice.
A growing body of research has linked specific design features to MACC damage
of tapers, including engagement length, offset, trunnion diameter, angular mismatch, and
head size [3], [11], [49], [70], [119]. These factors all relate to the contact area between
components and the stiffness of the interface, and directly affect the strength of the taper
connection [45], [120]–[122]. The results of this work support these studies in that SRC-

Figure 5.9 Contact areas measured on samples after testing. Controls had significantly smaller contact areas
compared to samples tested with SRC-PEEK.

PEEK increased the amount of contact at the interface (lowering local stresses), prevented
surface abrasion during low-pressure micromotion, and withstood severe fretting
conditions. Combined with its high-performance properties, the use of a modular SRCPEEK liner could create a stronger, more stable taper engagement.
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Despite the sliding motion, significantly low fretting currents were measured in
tests with PEEK, indicating only minor oxide abrasion of the metal substrates. This can be
attributed to some of SRC-PEEK’s intrinsic properties. First, its shear strength against
frictional forces during fretting prevented failure and allowed it to act as a barrier against
metal-metal contact. This is partly because the orientation of the thin film fibers was
aligned in the direction of fretting. SRC-PEEK fibers are the main contributors of its greater
mechanical properties compared to neat PEEK [32]. Secondly, its low hardness compared
to Ti-6Al-4V and CoCrMo surfaces eliminated the risk of abrasion by polymer alone, as
the thin film will deform under relatively low contact stresses. This was seen in its higher
contact area (see Fig. 5.9). Under a constant load, stresses at individual contact points

Figure 5.10 FTIR spectra of (A) clean, unused
filter paper; (B) a clean, untested SRC-PEEK
thin film; and (C) a filter after it was used to
collect debris from PBS after a SRC-PEEK test.
No evidence of PEEK was observed in the
debris collected on the filter.
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between surfaces will cause plastic deformation until equilibrium is reached, which
typically approximates to the hardness (or yield stress) of the softer substrate. This presents
as an increase in contact area that is proportional to hardness. It also limits the contact
stresses on the metal surface such that they stay below the hardness of the metal, thereby
limiting oxide disruption and corrosion currents.
Fretting loops provided additional information about the interface. The sliding
motion observed with PEEK thin films was consistent throughout the entire test. This was
also reflected in WOF that only changed by about 7 N٠µm across all fretting cycles. In
contrast, metal-metal controls showed a direct relationship between WOF and fretting
current; only when sliding motion was at a minimum did the fretting current also drop.
These differences can be attributed to a few things. First, the low stiffness of the PEEK

Figure 5.11 Co, Cr, Mo ion concentrations measured in PBS after testing. Control tests had the highest
levels of all ions. PBS taken from control soaks showed minimal ion levels since no fretting motion was
applied.

fretting loops, shown by k, represents a higher interfacial compliance, due to the thin film’s
lower modulus. Interfacial compliance can also be manipulated using contact geometry,

88

and was previously shown to alter contact mechanics by preventing rigid-body relative
motion [80]. In this case, the thin film did not prevent motion between at least one metal
surface, but its compliance accommodated about 5 m of motion before sliding started.
This movement most likely occurred between the thin film and the disk surface. Not only
did pin surfaces have more polymer transfer particles than disks, but corresponding thin
film surfaces showed rough fretting scars and orthogonal markings that could be
indentations from the pin’s polishing scars (see Figs. 5.5-5.7). It is possible that adhesive
wear was more prevalent on the pin-contacting side of the sample, although no metal or
oxide debris was found embedded on the thin film. The disk-contacting side of the thin
film indicates abrasive smoothing or polishing. Lastly, SRC-PEEK’s low coefficient of
friction (COF) may also explain why its low modulus alone did not create a stick condition.
In a similar pin-on-disk study, when placed between Ti-6Al-4V and CoCrMo, SRCPEEK’s COF was ~0.2, slightly lower than Ti-6Al-4V/CoCrMo interfaces (0.3) [32].
Interestingly, SRC-PEEK gaskets have been previously shown to adequately lock
head-neck tapers during short- and long-term device testing and prevent micromotion
during cyclic loading [44]. The discrepancy between these results and those presented here
is thought to originate from the differences in contact stresses and contact geometries
involved. The normal stress imparted on thin films in this study was approximately 6 MPa,
given a 3 N normal load and the measured contact area. This represents a low-stress/highabrasion, worst-case scenario experienced by the polymer in a taper crevice, at the
polymer-CoCrMo (femoral head component) interface. This would typically occur in
between high-pressure points of hard-hard asperity contact on either side of the thin film
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to keep it in place, the size and distribution of which depend on both hard surfaces. For
example, typical head-neck tapers seated to a 4000 N load will develop a 30 MPa
hydrostatic pressure in the gasket. The gaskets used in device testing were seated on taper
trunnions with relatively large (70 x 150 µm) surface ridges, which would increase local
stresses on the polymer by one to two orders of magnitude and create a stick condition
[44]. After testing, Ouellette and Gilbert found each gasket had visibly deformed bands
where it had been pinned down by the ridges, in-between areas of buckling where it was
free to move. While a gasket tested with a smooth trunnion surface may not experience
local stresses as high as the ridged one, physiologically-relevant loads will still increase
the pressure by up to two orders of magnitude. Therefore, assuming a titanium taper
trunnion with a surface roughness of at least the scale tested here, no relative motion is
expected at the titanium trunnion/PEEK interface. A critical surface roughness of the
femoral head bore, however, would be required for a sufficient area of the PEEKmetal/hard taper interface to effectively lock into place.
Implants tested with SRC-PEEK gaskets also showed current spikes (<10 µA) each
time the load was increased, which were otherwise minimal during cyclic loading [44]. In
this study, fretting currents associated with SRC-PEEK were slightly elevated at the start
of fretting, but were extremely low compared to controls. Subsequent surface analyses
revealed fretting scars on both pin and disk surfaces, and alumina particles on the thin films
and disks (see Figs. 5.5, 5.7). These particles would explain the abrasion of pins and disks,
since the polymer had no observable ruptured areas beyond superficial fretting wear, and
no other debris on its surface. Alumina particles are thought to originate from SRC fiber
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processing during melt-spinning, where they embedded themselves into the polymer
during compaction. Third-body wear by these particles may have also caused the currents
measured during device testing.
As with most in vitro fretting corrosion test setups, the interfaces studied here vary
from a typical modular junction. Since the forces, bending moments, torques, and crevice
geometries experienced in taper junctions cannot be measured, their effects on the behavior
of the interface cannot be quantified in this work. The simplified conditions of the study
do allow for a more detailed assessment of the SRC-PEEK liner as it relates to its use in
taper junctions, including how contact conditions change over time, and how the interface
behaves locally under comparable stresses and forces.

5.5 Conclusion
The contact mechanics and fretting corrosion behavior of Ti-6Al-4V/CoCrMo
samples with and without interfacial SRC-PEEK thin films was compared in this study
using long-term pin-on-disk tests. Samples tested with SRC-PEEK showed consistent
sliding motion, but fretting currents and surface damage to the pin and disk were
minimal. SRC samples themselves had significantly larger contact areas than controls,
but no observable failure or film rupture. No detectable PEEK debris were present in the
PBS solution collected after testing, and metal ion release was significantly lower
compared to controls. The polymer’s strength, compliance, and low hardness are
attributed to its fretting corrosion performance, giving further proof to its utility as a taper
gasket that can be easily incorporated into current modular designs.
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6 Material Hardness and Fretting Corrosion in Ti-6Al-4V
and CoCrMo Interfaces
6.1 Introduction
Fretting corrosion of metal-hard hip replacement components is known to cause
surface damage and metal ion release due to cyclic loading at points of contact. Although
identified as a clinical concern in the 1980s, the multiple factors involved in head/neck
taper crevice corrosion combined with a complex biological environment have ensured its
relevance today [3]. Research has linked implant corrosion to crevice geometry, material
combination, flexural rigidity, implantation time, seating conditions, and more [13], [16],
[45], [123].
Over the past 25 years, tribocorrosion prevention methods have mainly focused
developing surface treatments or components made of alternative materials to minimize
damage, since changes to implant design can be costly and time-consuming [39]. Ion
implantation, laser treatments, surface hardening, and other methods have shown
promising results, but lack data showing their long-term effectiveness and mechanism(s)
of action [23], [39]. Many of these modifications have been developed with the intention
of increasing surface hardness as a means of increasing wear resistance [124]–[128]. While
most studies do report lower amounts of damage in metal-hard bearings, none have
eliminated corrosion damage to the metal counterface, and ceramic components come with
an increased risk of fracture and reduced fatigue strength [23], [60], [129]–[133].
Ceramics, oxides, and other hard coatings have the added concern of delamination
and cracking when undergoing long-term testing [134]–[137]. If abraded, they can create
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third-body wear particles that exacerbate the damage caused by fretting, wear, and
corrosion processes at the interface [60], [138], [139]. Additionally, the presence of a
hardness differential between surfaces can affect each surface differently and alter the
interface in ways that are not fully understood [133], [140]. This study aims to address
some of the discrepancies in the literature by identifying the effects of different counterface
hardnesses on the fretting corrosion of alloys commonly used in modular hip prostheses.
As outlined by Swaminathan and Gilbert, the oxide abrasion of a metal surface is
dependent upon a number of factors, including the contact area, contact stresses, modulus,
and hardness [30]. The true contact area alone depends on asperity-asperity contact
between surfaces, which, apart from normal load, is a function of surface roughness,
modulus, and hardness or surface yield strength [30], [141]. Using an elastic-perfectly
plastic assumption, it is expected that the lower the hardness of the counterface, the higher
the contact area. Thus, decreasing counterface hardness will increase the contact area and
keep the contact stresses below the level to induce surface plastic deformation and oxide
abrasion of the alloy (Fig. 6.1) [142]. That is, low hardness counterfaces will not generate
sufficient contact stresses and plastic deformation to induce oxide film disruption. This
would present as an absence of fretting currents during in vitro fretting corrosion testing,
regardless of the applied load and details of the asperity-based contact area.
Therefore, the goal of this study is to assess the effects of counterface material
hardness on the fretting corrosion behavior of Ti-6Al-4V and CoCrMo surfaces. In
particular, the mechanical and electrochemical performance of Ti-6Al-4V and CoCrMo
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disks abraded under fretting corrosion conditions with pins made from different materials
ranging on the order of 101-104 MPa during variable-load pin-on-disk tests.

Figure 6.1 (A) Schematic of hard-hard surfaces, with a nominal area AN, and contact between individual
asperities. Nominal stresses, σ, arising under a normal load, FN, may remain in the elastic range. (B) Under
an elastic-perfectly plastic assumption, the pressure at each asperity contact point (Ai) equals the hardness or
yield stress (σ0) of the softer surface. Stresses at Ai will approach σ0 and plastically deform. True contact
area, At, is the sum of all Ai’s and relates to FN and σ0. Adapted from [142].

6.2 Materials and Methods
A custom pin-on-disk fretting corrosion test setup was used to test the abrasion of Ti6Al-4V (ASTM-F1472) and CoCrMo (ASTM-F1537) disks by rectangular pins cut from
minerals and polymeric materials that span a range of hardness from the lowest (PEEK),
to calcite, bone, quartz, Biolox deltaTM (a zirconia-stabilized alumina ceramic) as well as
the disk alloys (Table 1). PEEK, calcite and bone have hardnesses below that of Ti-6Al4V and CoCrMo, while quartz and alumina have hardnesses above that of the alloys. Pin
composition was verified using scanning electron microscopy with energy dispersive
spectroscopy (SEM/EDS, Hitachi S-3700N, Tokyo, Japan) prior to testing. Ti-6Al-4V and
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CoCrMo pins of typical conical tapered rod geometries were used as controls, with Ti-6Al4V and CoCrMo disks, respectively. Pins of each material underwent variable-load pinon-disk tests with each disk alloy, allowing for a range of fretting contact conditions to be
captured in a relatively short test period [30]. Separate pin and disk surfaces were used for
each test (n=3). All samples (except alumina) were wet-polished sequentially from 240 to
600-grit carbide paper to create a uniform contact surface roughness, (Ra) < 50 nm, then
cleaned with acetone and rinsed with DI water before being secured in the test apparatus.
Due to their high hardness, alumina pins were left unpolished, (Ra) < 2.7 µm, but cleaned
in the same way before testing. Pins were then fixed in a six-axis load cell (ATI Mini45,
Apex, NC, USA) and metal disks in the base of an electrochemical cell that held a
phosphate buffer saline (PBS) test solution, pH 7.4. A three-electrode system was used to
measure fretting currents arising from any surface abrasion of the disk, with a carbon rod
acting as a counter, Ag/AgCl as the reference, and the metal disk acting as the working
electrode. A potentiostat (Solartron 1280C Potentiostat/Frequency Response Analyzer,
Solartron Analytical, Hampshire, UK) was used for electrochemical measurements, with
control and data acquisition software. Mechanical data (pin displacement and normal and
tangential forces) were recorded using a data acquisition card (NI USB-6210, National
Instrument, Austin, TX, USA) and custom LabVIEW programs (National Instruments,
Austin, TX, USA). After setting up each test, samples were submerged in PBS and allowed
to equilibrate for 30 min.

95

Sample material

Composition

H (MPa)

PEEK
(Victrex® 381G)

C19H12O3 (repeat unit)
82% C
18% O

12.4

Calcite

40% Ca
12% C
48% O

1569

Ti-6Al-4V
(ASTM 1472)

90 % Ti
6% Al
4% V

3138

CoCrMo
(ASTM 1537)

66% Co
28% Cr
6% Mo

3383

Bone
(bovine cortical)

60% Ca5(PO4)3(OH)
25% Collagen (I)
15% H2O

490
(6410)

Quartz

47% Si
53% O

11396

Alumina composite
(BIOLOX® delta)

74% Al2O3
24% ZrO2
2% Cr2O3

18878

Table 1 Composition and hardness of pin materials. Ti-6Al-4V and CoCrMo were used as disk samples for
all tests and Ti-6Al-4V and CoCrMo pins (typical conical tapered geometry) were used, respectively, as
controls. The hardness of bone’s hydroxyapatite phase is shown in parentheses.

Each variable-load test was performed under potentiostatic conditions (0 V versus
Ag/AgCl). After establishing a baseline current reading, fretting motion (100 µm) was
applied for a period of 100 s at 1 Hz, followed by 100 s of rest under incrementally
increasing normal loads (every 0.5 N) from 0-10 N. Current was recorded throughout
testing and mechanical data was collected for one second at each normal load after 50 s of
fretting. At the end of each test, samples were rinsed with DI water and allowed to air dry.
Fretting (frictional) load-displacement curves were obtained for each normal load
tested by plotting the acquired instantaneous tangential force versus displacement of a
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single fretting loop. Work of fretting (WOF) was calculated as the area within each fretting
loop. Average fretting current density and COF were also calculated at each normal load.
True contact area was measured using digital optical microscopy (Keyence VK-8700,
Itasca, IL, US). In cases where no abrasion was observed on disks, the contact area of the
pin was used as the true area. SEM/EDS was used to observe the fretting scars of samples
tested and to characterize any wear debris on pin and disk surfaces.
Statistical analysis of results included one-way analyses of variance to determine
significant differences (p<0.05) in average fretting currents contact area, with any post-hoc
comparisons made using Bonferroni-corrected student t-tests.

6.3 Results
Figs. 6.2-6.5 contain representative plots of fretting currents and corresponding fretting
loops for Ti-6Al-4V and CoCrMo tests against PEEK (Fig. 6.2), similar alloy (Fig. 6.3),
bone (Fig. 6.4) and quartz (Fig. 6.5). The results of tests with PEEK in both Fig. 6.2A and
Fig. 6.2B show no visible fretting currents, even though sliding motion can be seen in their
respective fretting loops (Fig. 6.2C-D). In metal-metal controls (Fig. 6.3), the current and
mechanical data show much different behavior. Ti-6Al-4V/Ti-6Al-4V fretting currents in
Fig. 6.3A correspond with sliding motion that quickly drops by 1.5 N of normal loading
(Fig. 6.3C). CoCrMo/CoCrMo currents in Fig. 6.3B show a smaller but more gradual
increase in fretting current as sliding amplitude decreases, until sticking at about 5 N (Fig.
6.3D). Fretting currents from tests on bone in Fig. 6.4 are quite unique. Ti-6Al-4V (Fig.
6.4A) shows a very slight fretting current during sliding that becomes indistinguishable
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from baseline noise by the end of fretting, which was applied from 950-1050 s (inset).
Although fretting currents were also low in CoCrMo (Fig. 6.4B, inset), they are much more
obvious during the entire period of fretting. The associated mechanical behavior in Fig.
6.4C-D is similar. Quartz tests in Fig. 6.5 have much smaller differences between Ti-6Al4V and CoCrMo fretting currents (Fig. 6.5A-B) and fretting loops (Fig. 6.5C-D).

Figure 6.2 Representative data showing current over time for a fretting corrosion test of (A) a PEEK pin on
a Ti-6Al-4V disk (PEEK/Ti-6Al-4V) and (B) a PEEK pin on a CoCrMo disk (PEEK/CoCrMo). No fretting
currents are visible. (C, D) Corresponding force-displacement plots of the same tests in A and B,
respectively, show the progression from slip to stick.

Fig. 6.6 summarizes the average fretting currents plotted against normal load for
each counterface material on Ti-6Al-4V (Fig. 6.6A) and CoCrMo (Fig. 6.6B). Both graphs
show noticeable fretting currents in quartz, alumina, and control groups, and similar
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maximum fretting currents in both Ti-6Al-4V and CoCrMo tests (approximately 0.9 µA).
The highest fretting currents were seen in the control and alumina groups in both Fig. 6.6A
and 6.6B. Elevated currents (above baseline) were observed at up to 2 N in tests performed
on Ti-6Al-4V disks, and up to 4 N on CoCrMo. PEEK, calcite, and bone samples did not
produce significant currents above baseline levels on either alloy, even though very small
currents were observed with the bone samples.

Figure 6.3 Representative data showing current over time for a test of (A) Ti-6Al-4V/Ti-6Al-4V and (B)
CoCrMo/CoCrMo. Fretting currents can be seen in both, although CoCrMo currents are roughly half the size
of Ti-6Al-4V. Fretting currents correlate with sliding motion between samples, as shown in (C, D) both tests’
respective fretting loops.

Graphs of average WOF versus normal load in Fig. 6.6C-D show a rise and fall
with increasing load. Quartz samples reached the highest maximum WOF of all Ti-6Al-4V
tests (approx. 91 N٠µm, Fig. 6.6C), followed by bone and calcite. Ti-6Al-4V control and
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alumina pins reached some of the lowest peak WOF values despite their high peak currents.
Bone samples in CoCrMo tests (Fig. 6.6D) had the highest peak WOF (approx. 82 N٠µm),
followed by control and alumina groups.

Figure 6.4 Representative data for of bone against (A) Ti-6Al-4V and (B) CoCrMo. Insets show current
during 100 s of fretting at 2 N (from 950-1050 s). (C) Fretting loops show sliding until 5 N in Ti-6Al-4V,
but fretting currents were only recorded up to 2.5 N. (D) Fretting currents with CoCrMo did not appear until
2 N, but lasted until samples started to stick at 4.5 N.

The peak average fretting current recorded in each pin group was plotted against its
respective sample hardness in Fig. 6.7A-B. A linear increase in peak current can be seen
as hardness increases past that of bone in both Ti-6Al-4V and CoCrMo tests.
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Average contact areas measured after testing are summarized in Fig. 6.8. The
largest areas were observed in calcite pins, followed by PEEK and bone. Significant
differences between Ti-6Al-4V and CoCrMo contact areas were only observed between
PEEK pins. For all other groups, Ti-6Al-4V and CoCrMo contact areas were similar.

Figure 6.5 Representative data from quartz tested on (A) Ti-6Al-4V and (B) CoCrMo, showing visible
fretting currents at low loads. (C, D) Fretting loops show sliding conditions until 5 N in Ti-6Al-4V and 3N
in CoCrMo, respectively, corresponding with elevated fretting currents.

Backscatter SEM images and EDS maps of Ti-6Al-4V disk contact areas after
being tested against each pin group (Fig. 6.9) show variations in both the surface debris
and amounts of abrasion. SEM and EDS results of the disk tested with bone in Fig. 6.9A
show dark areas indicating the presence of calcium, phosphorous, oxygen, and carbon on
transfer particles from the pin, but no detectable scratches were found on the metal surface.
101

A typical disk tested with quartz (Fig. 6.9B) shows fretting scars surrounded by debris
composed of mostly O, Si, and P. Similar fretting scars and debris were found on the
corresponding quartz pin surfaces (not shown). The disk from an alumina test in Fig. 6.9C
shows a clear contact area and mainly O, Zr, and P debris. No fretting scars or debris were
found on disks tested with calcite or PEEK pins. Backscatter SEM images and EDS maps
in Fig. 6.10 show similar results in CoCrMo disk surfaces. Surfaces tested with quartz have
less surface damage and debris compared to Fig. 6.9B.

Figure 6.6 Average fretting current v. normal load for tests on (A) Ti-6Al-4V and (B) CoCrMo. Elevated
fretting currents (above baseline levels) were observed in quartz, alumina, and control samples. (C, D) show
the respective average WOF v. normal load plots for A and B. WOF rises and falls as load increases for all
groups, in a manner similar to currents.
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Figure 6.7 Graphs of the peak average fretting current measured in each group plotted against respective pin
hardnesses for (A) Ti-6Al-4V and (B) CoCrMo. Fretting currents rise linearly as hardness surpasses that of
the disks.

6.4 Discussion
The goal of this work was to demonstrate that oxide film disruption of Ti-6Al-4V
and CoCrMo alloy surfaces during fretting corrosion requires a counterface material with
a hardness of at least the level of the alloy hardness itself. This implies that the underlying
metal must plastically deform in order to induce oxide film disruption. That is, the
mechanism of disruption of the oxide film is not simply the result of reaching an interfacial
fracture stress of oxide to metal, but rather requires the generation and motion of
dislocations of the metal substrate to result in breaching of the extant oxide film and
subsequent repassivation. This is consistent with work from Kolman and Scully that
demonstrated a similar metal plastic deformation-based mechanism for oxide film
disruption [143].

The basic hypothesis of these results is that the hardness of the

counterface limits the maximum stress possible at the surface. If a stress is below the yield
stress (hardness) of the alloy surface, no plastic deformation will occur and no oxide film
disruption will take place.
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The use of ceramic femoral heads are becoming increasingly common as the risks
associated with CoCrMo heads have become well known. Their success is often owed to

Figure 6.8 Average measured contact areas of each pin group. The largest contact areas were found in
calcite, PEEK, and bone. Significant differences were found between Ti-6Al-4V and CoCrMo areas in
PEEK only.

high hardness and wear-resistance, and numerous studies have reported on the low amounts
of corrosion damage observed at ceramic-metal taper junctions [123], [129], [130]. While
generally agreed to be an improvement over metal-metal taper junctions, the benefits of
ceramic femoral heads are at least partly owed to the fact that only one surface is
susceptible to corrosion. There are few (if any) reports of no metal corrosion in retrievals
of ceramic-metal junctions, and some have identified an increased risk of accelerated wear
and fracture, particularly in zirconia composites [129], [144], [145]. Hardness is one of
many properties that should be considered when determining an appropriate implant
material, along with contact geometry, friction coefficient, ductility/brittleness, and aspects
of the component design itself [29], [48], [63], [79], [121], [122], [146], [147]. However,
since plastic deformation is requried in the case of metal oxide disruption, a surface’s
strength and abrasion resistance are critical to its corrosion performance.
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In this study, pins made from softer materials (relative to disks) produced minimal
fretting currents and surface damage on disks, even under gross slip conditions at low

Figure 6.9 Backscatter SEM images and EDS maps of Ti-6Al-4V disk contact areas after testing. (A) Dark
patches of debris can be seen on the surface after testing against bone, but no fretting scars were found. (B)
Results from tests with quartz show a small central fretting scar surrounded by debris composed of mainly
Si, O, and P. (C) Alumina tests also have fretting scars and dark patches of debris in and around the contact
area.

loads. Pins with a hardness identical to and higher than that of the alloys induced fretting
currents as long as pins were below a stick regime, represented by the fall of WOF with
increasing load (see Fig. 6.6). Fretting scars, oxide debris, and pin debris were all observed
on disks that encountered fretting currents. These results demonstrate the role of
counterface hardness on fretting corrosion behavior of Ti-6Al-4V and CoCrMo alloys.
They also show the effects of asperity-asperity contact during tribocorrosion processes,
which are often overlooked in metal-hard contact analyses, in that the contact area
distribution is highly dependent on the local surface topography (scratches, roughness,
waviness, etc.).
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Because hardness depends on a material’s microstructure, work hardening
condition, and composition, differences in pin composition are the primary cause of the

Figure 6.10 Backscatter SEM images and
EDS maps of CoCrMo surfaces after
testing. Results are similar to Fig. 6.9,
showing (A) significant debris deposits
from bone samples, and visible fretting
scars on disks tested with (B) quartz and
(C) alumina.

differences observed in fretting corrosion behavior. Wear debris generation of ceramics
like alumina, quartz, and calcite primarily depend on brittle fracture processes, which occur
when a large hardness differential exists between surfaces [148]. This was seen as small
amounts of Si that were transferred to disks tested with quartz, and as smooth contact areas
on calcite and quartz pins that lacked any embedded debris from disks (not shown). Bone
samples experienced added effects of sample hydration, collagen and mineral phases, and
a unique microstructure, which likely altered the contact mechanics at the interface and
added lubrication to the interface [149]–[151]. This would explain the substantial amounts
of debris found on the disks without oxide abrasion, even though the primary ceramic
component of bone, hydroxyapatite, has a hardness of approximately 6410 MPa, which
exceeds that of both disk alloys [152]. Results in the control groups show additional
features of metal-metal fretting corrosion, including oxide debris production from both
106

surfaces. Due to its ductility, imprints of the pin polishing scars and oxide debris have been
observed on the disk surfaces in previous studies as well. After a significant number of
fretting cycles, this debris can create a high-hardness, tribologically-transformed structure
and cause both adhesive and abrasive wear, intensifying surface damage [153]. Although
both metal surfaces contributed to fretting currents, they were comparable to those
measured on alumina pins in Ti-6Al-4V or CoCrMo. Lastly, ductility is also the most likely
explanation for the relatively low contact area measured in PEEK samples, even though
they were the softest material tested. The polymer’s higher elasticity compared to the other
brittle materials resulted in less plastic deformation to the surface and greater elastic
deformation.
This work illustrates some key aspects of metal-metal (or metal-hard) contact
mechanics. While interactions between contacting surfaces are nominally elastic, stresses
at initial asperity-asperity contact points approach the hardness or yield stress of the metal

Figure 6.11 Schematic showing contact between surfaces growing under an applied force (F) as the highest
points are deformed, until the contact stress equals the hardness (H) of the softer surface. True contact area,
At, can be approximated with F and H. The distribution of asperities with respect to surface depth, z, is
represented by a cumulative probability function (CP). Its derivative, DP, shows the height distribution of
asperities. Adapted from [142].
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surface, resulting in deformation [148]. This leads to the next highest asperities coming
into contact and the process continuing, until the surface area is just large enough to keep
local stresses from causing further deformation. The distribution of asperities as a function
of surface depth, z, can be represented with a cumulative probability distribution, CP (Fig.
6.11), and its derivative, DP, shows their height distribution [142]. The total stress (i.e. the
sum of all local asperity contact stresses) can then be approximated as the hardness of the
softer surface, and the true contact area as the sum of all individual contact points. This
phenomenon is reflected in contact areas in Fig. 6.8, which are highest in soft pins like
calcite and PEEK, compared to alumina. When sliding occurs during fretting, plastic
deformation will occur at such contact points, disrupting the metal oxide and exposing the
underlying bulk to corrosion processes [142]. In such cases, Hertzian approximations are
inappropriate as they are based on the assumption of only elastic contact and ignore these
effects.
A few limitations of the samples used in this study are worth mentioning. Because
alumina pins were not polished, their surface roughness is higher than the other groups.
This slightly changed their contact geometry, which may have affected the true contact
area and fretting currents during testing. This difference can be seen on SEM images
showing thin, elongated fretting scars on disks tested against alumina. Metal control pins
were also a different geometry than the rectangular cantilever shape of the other pins. While
the differences in this contact geometry can change the fretting corrosion regime of the
system, no significant differences in the onset of slip or stick were noticed compared to
other groups, and the true contact area should not be affected. The interaction and effects
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of both metal oxides make its behavior different than other pin/disk couples, and the
abrasion of two metal surfaces contributed to fretting currents instead of just the disks.

6.5 Conclusion
This study explored the effects of hardness on the oxide abrasion and fretting corrosion
of two orthopedic implant alloys. Fretting currents and force-displacement data were
recorded and used with subsequent surface analyses to identify tribocorrosion damage on
disks tested with pin materials ranging in hardnesses. Since hardness directly relates to a
surface’s abrasiveness, pins that were softer than the disks were unable to disrupt oxides,
thereby preventing the onset of fretting corrosion, regardless of sliding distance or nominal
stress. Pins that were harder than disks did abrade their surfaces, as reflected in elevated
fretting currents, fretting scars, and oxide debris. These results support elasto-plastic
estimates of contacting bodies that typical Hertzian approximations ignore. Harder surfaces
may be more wear-resistant, but they do not necessarily make the interface so, and studies
must always consider the metal counterface when designing future device components.
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7 Synthesis of Work
The purpose of this work was to characterize the individual design parameters of
modular taper junctions that are thought to significantly affect implant corrosion
performance. Interfacial compliance and material hardness were shown to impact the
contact mechanics of fretting interfaces and limit the risk of metal degradation in corrosive
environments. The implementation of long-term in vitro methods provided additional
insight into the viability of compliance- and hardness-based modifications over time. These
findings can be used to improve current device component designs.
The goal of Chapter 3 was to create conditions favorable to a stick regime at metalmetal interfaces using geometric changes which increase their compliance. This allowed
for a more corrosion-resistant modular junction without changes to the existing materials
or surface treatments. The concept was tested using modified Ti-6Al-4V and CoCrMo pin
samples with millimeter-scale pillar geometries, giving them three different compliances.
Variable-load pin-on-disk tests showed a clear difference in mechanical behavior among
each compliance and alloy couple, which corresponded with electrochemical
measurements. It was shown that the greater flexibility in the high compliance pins enabled
stick conditions under relatively low contact stresses. With forces, displacement, and
fretting current data, a quantitative and reliable method of characterizing tribocorrosion
behavior was created, using concepts first outlined by Vingsbo and Söderberg [34].
Fretting corrosion maps were then presented as a novel method of quantifying an
interface’s surface damage in a manner independent of contact geometry, loading
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condition, and applied displacement. They have the potential to be used to estimate the
corrosion damage of a system without electrochemical measurements, as long as
mechanical dissipated energy has been quantified. This makes fretting corrosion maps
useful for comparing results between tribocorrosion studies, a task made difficult by the
different parameters, sample shapes/sizes, and test methods used [35], [37], [38], [43],
[140], [154]–[158] This technique also highlights how efficient an interface is in causing
damage (see Fig. 3.7), reflecting the total dynamic interactions between the surfaces and
their oxides. The use of fretting corrosion maps in future studies will allow researchers to
easily relate and measure the effects of various alloys, solutions, oxides, and surface
properties on interfacial contact mechanics.
Chapter 4 expanded upon the initial study in a newly developed 1-million cycle
fretting corrosion test, to assess the stability of each contact geometry under prolonged,
high-damage conditions. EIS, solution ion concentrations, and surface analyses were used
to characterize the tribocorrosion behavior of each interface. Surface damage was found to
be linked to several electrochemical properties of the interface by its relation to average
WOF. This was first seen in the relationships between fretting currents, volume loss, and
ion release levels, all of which increased linearly with WOF. Combined with EIS analyses
before and after fretting, these data describe how the effects of fretting corrosion contribute
to lasting, quantifiable changes in the electrochemistry of the interface and its
surroundings. The correlation between WOF and oxide/crevice resistance properties point
to EIS’s potential as a surrogate when direct sensing of surfaces is not feasible. This would
be especially useful in in vitro device testing, and even in vivo monitoring of implant
111

damage. The oxide’s low-impedance bias would make it most sensitive to highly damaged
areas, and could be measured noninvasively to complement clinical assessments of implant
performance.
While a significant decline in fretting corrosion was seen in the high compliance
group, less obvious effects were found among other groups, hinting at what may explain
the lack of consensus in the literature on the effects of different taper topographies. As
discussed in detail by Arnholt, currently no standard method of quantifying taper
topography exists, and studies on the relationship between stem surfaces and performance
rarely account for confounding factors such as taper manufacturer, assembly conditions,
and component geometry [159]. Furthermore, the difference between a typical smooth
geometry and a highly grooved taper surface is typically on the order of 20 µm [50], [51],
[160], [161]. In both short- and long-term studies, the high compliance pins tested represent
a three-fold increase in compliance compared to the low compliance group. Taper
topographies that vary within a few microns are likely too insignificant to be related to
their fretting corrosion performance.
Additionally, while high compliance pins showed the greatest tribocorrosion
resistance in Chapters 3 and 4, all samples in this group showed fretting scars and debris
by the end of one million fretting cycles. This suggests that abrasion may not be entirely
preventable using surface topography alone. Corrosion debris was proven to have the
greatest effect over contact mechanics, resulting in all couples sticking before the end of
one million cycles and substantial deformation to their surfaces. Therefore, the success of
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this approach is rivalled by the surfaces’ risk of oxide abrasion whenever in contact, even
under low loads and displacements. This points to the value of using a combination of
surface properties to protect the metal oxide. An interface that is soft enough to prevent
oxide abrasion under any loading condition would be ideal, since even brief periods of slip
will cause damage. Long-term corrosion studies with SRC-PEEK, a soft polymer, tested
this theory in Chapter 5.
Placing the thin films between metal samples proved to be far more effective than
surface topography alone in keeping fretting currents low and preventing metal
degradation. SRC-PEEK’s high shear strength and low modulus increased its wear
resistance, resulting in minimal damage to the thin film itself. The slight damage and
fretting currents on the metals were attributed to abrasion by alumina particles that had
previously been embedded in the film. Even so, currents decayed relatively quickly,
suggesting that adhesive wear of hard, third-body particles into the soft polymer may limit
their potential to cause significant metal damage. SRC-PEEK also maintained the most
consistent contact conditions at the interface, which is ideal for a strong taper connection
to withstand years of varying cyclic loads. The presence of a slip regime, however, suggests
that compliance may not be as influential on corrosion behavior compared to shear
strength, friction, and hardness, at least in the conditions tested here.
SRC-PEEK contact areas were indicative of adhesion between the film and pin, and
sliding motion between film and disk. In Chapter 4, CoCrMo surfaces were far more
damaged than titanium pins, and had been plastically deformed by oxide debris, suggesting
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that the interface’s contact mechanics reflected the oxide-pin interface rather than the true
pin-disk interface. These observations would explain similarities in the WOF and fretting
corrosion maps of CoCrMo/CoCrMo and mixed couple interfaces in Chapter 3. More
importantly, however, they imply that titanium alloy taper surfaces are insignificant to the
fretting corrosion behavior of mixed alloy interfaces, which tend to default to a less
damaging adhesive wear. Not only does this mean that studies on the effects of taper
trunnion topography are probably unnecessary, but that the effects of any surface opposing
a titanium taper could have a much greater influence on the integrity of the interface. Since
these studies only involved CoCrMo and Ti-6Al-4V, it is difficult to say what properties
of the counterface are most important. Surface topography may be the best place to start,
given both the current trends in femoral head taper surfaces and the lack of attention they
receive in the literature [162], [163].
Interestingly, the system compliance measured using SRC-PEEK was similar to that
of the high compliance group in Chapter 4, though their contact mechanics were quite
different. SRC-PEEK’s lower COF is the most probable explanation, but the finding also
shows how contact geometry compares with modulus during MACC. Nevertheless,
between the two approaches, SRC-PEEK creates more stable contact and surface
protection without sacrificing the benefits of compliance. The effects of a surface’s contact
geometry will be limited by its material properties.
SRC-PEEK’s hardness was also thought to contribute to its improved corrosion
resistance, which motivated the study in Chapter 6. In a series of variable-load experiments,
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Ti-6Al-4V and CoCrMo disks were fretted against nonmetal counterface materials of
various hardnesses to determine whether hardness alone could prevent oxide abrasion. Pins
made from PEEK and calcite did not cause abrasion, regardless of the normal load or
sliding conditions at the surface. Tests with bone produced minor fretting currents, but no
fretting scars were found on the disks. Although bone is softer than both alloys, these
results were attributed to its hydroxyapatite component. Ti-6Al-4V, CoCrMo, quartz, and
alumina pins elicited fretting currents and clear fretting scars on the disks. The samples’
true contact areas increased in proportion to their respective hardness.
These results highlight how surface asperities govern surface contact. In doing so, they
illustrate the fundamental flaw in the current trend of using Hertzian mechanics in
tribological studies [42][36], [59], [99], [128], [153], [164], [165]. By definition, Hertzian
theory assumes frictionless, elastic, non-adhesive contact between bodies, with negligible
surface roughnesses. In other words, it discounts most of the underlying principles of wear
and corrosion processes.
A linear relationship between hardness and peak average fretting current was also
found in both Ti-6Al-4V and CoCrMo disks. This suggests that a harder counterface could
do more harm than good, since asperity-asperity contacts dictate that the softer substrate
will govern their mechanics. In this sense, the greater wear resistance attributed to
components made of hard materials and coatings may be overshadowed by increased metal
degradation as the hardness differential between surfaces increases.
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Lastly, a note regarding the discrepancies between normal loads used in variable-load
tests in Chapters 3, 4, and 6. The first study in Chapter 3 was performed on a different test
apparatus than the rest of the pin-on-disk tests. The components of both setups were
identical apart from their electrochemical cells, z-stages, z-stage actuators, and xy-stages.
These differences primarily affected the test system compliance, and resulted in regime
boundary forces in Chapter 3 that were 3-5 times higher in Ti-6Al-4V couples, and 6-8
times higher in CoCrMo couples, compared to Chapters 4 and 6.
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8 Conclusions
This work demonstrates the impact of some critical (but often overlooked) taper design
and material factors, and describes their effects on MACC in metal junctions. Key findings
are summarized below:
1. Interfacial compliance based on geometry can reduce fretting corrosion and the
associated metal surface damage.
2. Fretting corrosion currents and WOF can be used to create fretting corrosion maps,
which allow for assessments and predictions of fretting corrosion damage.
Comparisons can also be made between interfaces to determine the effects of
different alloys, oxides, and/or material couples.
3. The damage induced during fretting corrosion can significantly influence WOF and
affect the long-term behavior of the interface.
4. Simplified, in vitro fretting corrosion tests produce results that are comparable to
clinical studies.
5. Interfacial compliance based on interface material modulus may reduce fretting
corrosion, but an insulating counterface with low hardness and high shear strength
is likely even more effective.
6. Counterface hardness must reach or exceed the hardness of the metal surface in
order to induce oxide disruption and facilitate MACC.
7. New methods of testing and analysis were developed to understand the materials
and mechanical factors affecting fretting corrosion processes.
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From the results of these studies, it is recommended that an optimal taper interface
include a PEEK-based thin film layer with a thickness on the order of 100 µm, wherever
metal-metal or metal-hard contact will or does occur. In regards to taper surfaces, assuming
a titanium taper neck with a surface roughness of at least (Ra) < 50 nm, a femoral head
bore surface having some type of ridged topography with an amplitude greater than 50 nm
is strongly encouraged.
In Chapter 3, interfacial compliance was evaluated using geometric modifications to
manipulate contact conditions and fretting corrosion behavior. Force-displacement data
and fretting currents were used to identify fretting regimes and boundaries during variableload tests. High-compliance interfaces (longer, more slender pillars) reduced relative
micromotion during fretting, inducing stick and stick-slip conditions at 50% lower loads
than controls. System stiffnesses confirmed that elastic deformation increased with
compliance to account for fretting motion. Material combinations also affected fretting
corrosion regime through a combination of friction coefficient and modulus, with CoCrMo
interfaces requiring five times the normal load associated with stick compared to Ti-6Al4V. Fretting corrosion maps were developed to characterize the contact mechanics of each
interface, showing their utility as a data interpretation tool that can be used to compare
different surface properties and materials.
Increasing metal-metal compliance was successful initially but revealed its limitations
during long-term testing in Chapter 4. Stick conditions were highly dependent on the
presence of debris generated at the interface, which significantly altered contact stresses
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and frictional forces in all groups. Although surface damage was not completely eliminated
in 1-million cycle testing, high-compliance geometries did reduce the amount of corrosion
debris accumulated at the interface, and generally remained in a stick regime.
Unexpectedly, post-test analyses of sample surfaces revealed substantially more surface
damage on CoCrMo disks than Ti-6Al-4V pins. This was thought to result from a
combination of adhesive and abrasive wear of oxide debris particles. Average WOF was
found to be directly related to volume loss, dissolved ion concentrations, and the
electrochemical properties of the interface.
Tests with interfacial SRC-PEEK thin films in Chapter 5 assessed the material’s ability
to withstand a high-damage environment and provide long-term fretting corrosion
protection to the surrounding metal surfaces. Low metal ion levels and fretting currents
confirmed SRC-PEEK’s ability to essentially eliminate MACC in modular junctions
without failure. Slight, superficial fretting scars were observed on metal samples tested
with PEEK, originating from alumina particles leftover from SRC processing. The system
compliance was comparable to that of high compliance pins, but did not affect contact
mechanics in the same way; WOF showed the system maintaining a slip regime throughout
all fretting cycles. While SRC-PEEK maintained a more stable interface and prevented
corrosion damage, its compliance did not reduce fretting motion.
Finally, Chapter 6 tested the hypothesis that oxide film disruption on CoCrMo and Ti6Al-4V alloys during fretting can be eliminated when the counterface hardness falls below
the metal’s hardness. Variable-load pin-on-disk tests were used on pin materials of a range
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of hardnesses, spanning above and below that of the metal disks. Pins made of PEEK,
calcite, and bone yielded in response to increasing loads rather than scratching the metal
during fretting, although slight fretting currents were measured with bone. Those that were
harder than the metals did elicit fretting currents in proportion to the harder surface.
Fretting currents and scars were observed with quartz, alumina, and control pins on both
Ti-6Al-4V and CoCrMo surfaces, and reached comparable maximum currents (approx. 9
x 10-7 A) when tested against the hardest pin (alumina). Contact areas measured on pins
after testing showed a 300-fold decrease in area associated with a 12-fold increase in
hardness (MPa). As expected, differences in fretting current, WOF, and contact area were
mostly insignificant between TI-6Al-4V and CoCrMo surfaces tested against the same pin
material. These results support elasto-plastic approximations under assumptions of
asperity-asperity contact, unlike Hertzian estimates that describe purely elastic contact.
The concepts discussed in this thesis are not representative of typical implant design
practices, but their basis in fundamental engineering principles make them well worth
consideration. Research on the interactions between mechanical and corrosive processes
involved in MACC are often oversimplified or misunderstood, the effects of which could
ultimately be passed on to the patient. Additional studies are necessary to identify further
limitations or risks associated with soft, compliant junction interfaces, but future research
in this direction is expected to alleviate one of the primary challenges of long-term joint
replacement performance.
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9 Future Work
This work addressed some ways in which design and material modifications to
modular junctions can affect mechanical and electrochemical processes at the interface.
While several important conclusions have been made, additional research, mainly
involving more physiologically-representative test conditions, is an important next step.
In regards to all the studies in this work, PBS was chosen as a test solution to enable
direct comparisons to past studies involving the same test setups and materials. Previous
electrochemical testing on SRC-PEEK and Ti-6Al-4V/CoCrMo interfaces were in
agreement with this work, and were helpful guides during the transition to a second pinon-disk apparatus [26], [44]. Results of previous device testing were also considered
during data analysis as they were performed in PBS as well [25], [29], [70], [107], [121].
The debris and ion ratios generated during long-term testing also proved identical to
corrosion byproducts found on retrievals, apart from the presence of organic material
[87], [92], [156]. Still, it would be useful to measure the effects of organic molecules on
the contact mechanics of the interface. This could be done in similar variable-load tests,
using electrolyte solutions such as fetal bovine serum (FBS), DMEM, or artificial joint
fluid. Recent work has developed solutions that mimic biological inflammatory
conditions, which could easily be incorporated into future pin-on-disk tests as well [33],
[94]. Patient synovial fluid samples would be ideal, as they represent the true solution
environment surrounding implants. Their use would be limited by availability and
volume collected, and variability in biological sample composition and properties must
be accounted for. Incorporating organic solution components should illuminate any
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significant differences from testing in PBS, especially relating to sliding conditions and
the associated surface damage. Higher viscosity and protein adhesion to surface could
reduce surface damage, and the effects of “wear-induced passivity” created by mixed
oxides and organic material could be investigated further [86], [87]. Any additional
effects of boundary lubrication and protein/carbide interactions should also be included
and will have a significant impact on corrosion performance [166].
In terms of compliant contact geometries, a pin-on-disk test using a topographical
disk pattern would be useful, as that is the intended design for a taper surface. This could
be easily done using 3D printing or other additive manufacturing techniques, and should
be scaled according to loads and displacements that are more representative of those
experienced at modular junctions. While implant device testing using ICFC and longterm cyclic/spectrum loading protocols is ideal, manufacturing a taper surface in this
sense may not be realistic. However, it would be useful to test off-the-shelf designs,
especially head tapers, which already span a range of surface roughness and topographies
[162]. Regardless of the test method, these studies will also benefit from the use of
profilometry to more accurately measure surface roughness and topography, compared to
the use of digital optical microscopy in this work.
SRC-PEEK was chosen as an interfacial layer for long-term testing primarily
because of its previous success and high performance. As discussed earlier, a critical
taper surface roughness may be necessary to keep an SRC-PEEK gasket in place at the
junction while allowing for elastic deformation in between high-stress contact points.
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Previous device testing with gaskets was limited to a “worst-case scenario” using tapers
with large ridges [44]. While this was successful in reducing corrosion damage, gaskets
were highly deformed and damaged in places. Additional ICFC and long-term tests using
SRC-PEEK gaskets with other taper surface roughnesses may reveal improvements or
other insights into the viability of the design. Tests incorporating spectrum loading may
also provide additional insight into the thin film’s performance over contact conditions
that are more realistic to loading in vivo. It is also possible that a thin film or gasket made
of neat PEEK could be just as effective, which would eliminate the need for fiber
drawing and additional processing. This could be evaluated in both pin-on-disk and
implant tests in PBS, and compared to SRCs.
Chapter 6 results showed current responses that increased with hardness in the
materials that were harder than disks. The use of fretting corrosion maps with the
alumina, quartz, and even bone data could yield some interesting comparisons to those
presented in Chapter 3. Since the alumina pin was made from a ceramic composite
commonly used in femoral heads, additional studies of its fretting corrosion behavior
would be particularly useful. The interactions between bone and Ti-6Al-4V and CoCrMo
are also salient to the field and should be investigated further, since fretting corrosion and
other complications are known to occur in cemented and cementless femoral stems
[167]–[169]. The tribocorrosion behavior of cortical bone is confounded by its complex
structure and composition, but the fretting currents it produced in these studies could be
verified with additional pin-on-disk experiments. Potential tests could include pure
hydroxyapatite pins, bone from other animal sources, or an evaluation of its anisotropy
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by testing orthogonal surfaces on a single sample. The effects of different test solutions
may also reflect different responses due to the material’s porosity and hydrationdependent mechanics.
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Appendix A
Additional details and limits of geometrically-modified pins

A 1 Summary of the calculated stiffness of each pin type (k), the associated displacement required for pin
sliding (δslip), the frictional force required for pin yielding (Ffyield), and the displacement required for yielding
(δyield). Mixed (Ti-6Al-4V/CoCrMo) couples reflect the stiffnesses of Ti-6Al-4V pins with slip and yield of
CoCrMo pins, representing frictional behavior observed during testing. Calculations were performed using
the material properties of each alloy and a 40 N normal load.
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